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PREFACE

This study had as its major objective the effect of regular ex-
ercise, supervised according to a plan, oﬁ the bone density and calcium
balance of healthy human males, as noted in the title of the project. In '
the protocol, however, other tests were made on blood and urine, with
: monthly reports covering many of these., For example, excretion of
calcium and i)hosphorus have been covered in the monthly report dated
19 December, 1968. In this report, it was shown that urinary excretion,
both of calcium and phosphorus, was higher during Bed Rest I, with no
exercise prac‘tice‘d, than that during the ambulatory periods, or during
Bed Rest II with regular supervised exercise. The monthly report dated
>2.19 January, 1969, carried these comparisons further, giving the statistical
differenpes between these peridds,‘ and showing fﬁrther that the oneé who
exercised régularly excreted less calcium and phosphorus than those
‘who did not exercise reguiarly. Tﬁe bone density values also supporfed

this finding.

Bone density and calcium - phosphorus excretion values during
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this study are given in full detail in the body of this report. Other
analytical results have been given in some detail in monthly reports,

and-will only be reviewed briefly in this PREFACE.

Nitrogen. In addition to a further discussion of calcium and

" phosphorus, thev'mcnthly‘ report of 19 February, 1969, contains a

’ &iscussion, together with data, on the metabolic balan\c; :t\)f\nitrogexi.

The mean daily nitrogen balances were fdund to be.positive for all of

the pefiods of ihé study, although it 'w,és shown in the report of 19 March,
1969, that more nitrogen was éxcreted during Bed Rest I wi_th no exercise -
. taken than during the ﬁre-Bed Rest Ambulatory Period with a highly
significant difference (P<< 0. 001). During Bed Rest I, however, those
who exercised regularly excreted ai slightly higher levei oi nitrogeﬁ inan

they did in the initial ambﬁlatory, although the difference was only |

slightly.significant(P < 0.05).

| Of”th(‘)se who éxercised Yat will®, there was a highiy significant
difference between the quantity bf nitrogen excreted .during the pre-
liminary ambulatory period than during Bed Rest II, Wifh the latter highyer
than the former (P< 0.001). When Bed Rest iwas compared with Bed |
_ Rest II,_ on the other hénd, theré was no statistically significant difference

between the two periods. |

Creatine and Creatinine. The report of 19 April, 1969, gave in

some detail the urinary excretion of creatine and creatinine. Because
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of the importance of this phase of the study, the monthly report is re-

produced in the Appendix.

Circadian Rhythm Phenomenon. As oné of the important aﬁd
interesting aspects of the Bed Rest Study under discussion, Circadian’
- Rhythms were sb_ught‘ for various urinary components. This factor Was
discussed in the monthly reports for 19 May, 1969, and 19 June, 1969,
The first of these issues includes brief reports found for rhythms which
were plottéd for calcium, phosphgru_éa nitrogen, creatinine and creatine,
while "the second covers various aspects of the urihary excretion of 17 -
"hydroxjcorticosteroids during bed rest ana ambulation, as well as the
rhythms which were found in urinary e};cretions of this type of component.

Copies of these two monthly reports also are given in the Appendix.
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INTRODUCTION

Man has pursued an evasive frontier over continents, across the
seas, ard to the poles both north and south. Man has. lookéd to the
“ocean's depth and speculated as to the earth's core. Man's earliest
records attest to his interest and concern in the space above him ~ the

sun, the stars, the moon.

With the recent efforts on the part of scientists associated
with the National Aeronautics and Space Administration, it has become

possible for man to extend his stride from the earth to the moon and

..... [ IO FAP U R AR 5N SRR Uy . UG S A L5 PO I e A e
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what still may be in store for the inquisitive man who desires to ex—

plore the totality of the universe.

The Research Institute of the Texas Woman's Univers_ity since
1963‘has been engaged in research projects which contribute support to
man's exploration of outer space. The study cozﬁprising this report is
a part.of a larger program conducted for the burpose of finding possi-
ble methods of maintaining the metabolic equilibrium and of conSer\}ing
the nmscula:;nskeletal integrity of adult male subjects during periods
of horizontal bed rest, which has been shown to be the ﬁearest to nuli

gravity possible to attain on earth.

Bed rest studies in which these laboratories have participated
have been reported by Mack and TaChance (1), by Mack and Crearer (2),

1



2
and by Vogt, Mack, Beasley, Spencer, éardus, and Valbonna (3). Evaluation
of the bone density changes experienced by the astronauts of Gemini mis-
sions IV, V, and VII have been desoribed by Mack, vLaChance,. Vose, and
 Vogt (4). Measurements of bone density changes during Apollo missions ;

VII and VIII have been reported by Mack et al. (5). -

In all bed rest studies and in all space missions investigated to
date, skeletal density has been altered negatively in the os calcis, in
the hand phalanges, in the wrist, and in the diétal ends of long bones of
the arm - the anatomic sites which have been 1nvest1gated The extent of
the losses have been related to the dietary intake, particularly to the
mineral content of the diet, and probably to other facto;:s, which are not

- readily measured such as stress.

During the Gemini missions a new variable was introduced involving
: programmed exercise, primarily of the feet arnd legs (4). This exercise
was made possible because of the fact that an exerciser developed by
Dietlein and Rapp (6) was placed aboard the spacecraft during this flight

for the purpose of measuring inflight exercise work tolerance.

The bone den51ty losses experienced by the astronauts of the
Gemlnl VII flight were far less them those of the astronauts of the Gemini
IV ard the Gemini V missions. Because marked differences in dietary in-
take between the astronauts of Gemini VII in conparison and that of the
two earlier missions were found, with the Gemini VII men consuming most
of the food put aboard for them whereas those on the two earlier orbital
flights consumed only parts of their provided food, it seemed neces.sa.xy to

perform a supporting bed rest studv in which exercise was the only variable



factor. The results as described by Mack et al. (4) showed that, when
food intake did not vary throughout the study the lesser reductions in

abone density were assoc1ated statistically with the exercise program.

In preparation for the Apollo missions, this laborétory‘ was
requested by the National Aeronautics and Space Administration, Manned
VSpececraft Center, to conduct an investigation in which six healthy
adult males would participate, with all variables controlled including
diet. "The broad objectives of the study were to determine the effects
of prograrmed exercise during highly disciplined horizontal bed rest,
ﬁth two 28 day bed rest periods conducted. During the first bed rest
period no exercise was to be taken by any subject. During the seeond
recumbency period, with an equilibration ambulatory period intervening,
three of the subjects were to engage in the exercise program ..routinely
four times daily, while three subjects followed the exercise plan under

supervision, only when they would desire to do so.

The general objective of the investigation was to study means
of maintaining metabolic equilibrium during periods of supreme inactivity,
and of coneerving simaltaneously the muscular-skeletal integrity of the

body .

The specific obj'ect:ivee of fche study reported in this disserta;
tion were the following:
l. To contribute to the total data amassed during- previous
studies by increasing the length of time followed and -

number of men employed under bed rest conditions;



" To accumilate additional basic information on the 'relation’

of daily calcium intake to the maintenance of the in-

. tegrity of skeletal mineral;

To include exercise of the hand and lower arm in a more
direct marmer than had been done previously by the

use of a Hand-Gripper;

To include both isometric and isotonic types of exercise

in the program;

To test the effectiveness of the Exer-Genie in reducing

skeletal loss in the lower extremities during the

B ) e R g T B R P ST
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To gain some insight into the amount of exercise which
would produce an optimum beﬁefit, by comparing the
effects of varying levels of exercise in which the
voluntary participants engaged in comparison with
the fixed load of | those taking part in the regular

. programmed exercise.



REVIEW OF LITERATURE

'EARLY REPORTS ON EFFECIS
OF DISUSE OF BONE

.One. of the fir&;,t detailed réports of the effec"cs of disﬁse of
‘bone was made by Allison and Brooks (7) in 1921. In 13 exyperimants,i
dogs were errlployéd with non-use of the forelinmb achieved in three ways:.
(a) paralysis by section of the brachial plexus, (b) a flail joint
achieved by excision of the upper end of thé hurerus, and (c) fixation

by plaster-of-Paris cast.

Bone atrophy appeared to reflect the degree of non-use. The -
- AMMODTLIZEA DONE WS ULLLICL cld LAUitlel 7o Wi Gl ULliiihd 1iDb ik - skt i
-strength due to loss of bone substance. There was no change in the

chemical composition of the bone.

Pollowing their earlier report on bone atrophy, Allison and
Brooks documented clinical cases of disuse of various types. They
~Observed thé changés in bone which résulf from lack of use -Vof ex-
tremitieé in va.riOﬁs clinical conditidns and oozrpared these observé~
tions with those made on expefhnental ammals The following groups
of cases wéﬁe studied: (a) poliomyelitis; (b) spastic paralysis; (c)
peripheral rerve injuries; () Friedréiéh's atoxia; (e) pseudomuscular
atrophy; (f) syringomyelia; (g) chrprlic infectious arthritis; (h) tu-
berculosis of hone; (1) acute pyogenic osfeomyelitis; (3) ischemic
contracture; (k) fracture; (1) congenital deformities; and (m) astasia

- abasia (8).



Whan a large number of persons were avallable in any of the
groups, cases were selected SO as to 1nclude various ages and periods
of existence of the fiisabling disease. In all cases, the age, the
‘duration of the disability, and the extent_of the disability were ob~
tained. When the lack of use was unilateral, the bones both of the
 used and nonused_extremities were studled Roentgen—ray exann.natlon
_-was used: to study the bones visually, w1th m_croscoplc examlnatlon
possible in some cases. The bones were studled as to length, thick-
ness, diameter of the medullary canal, thickness of the cortex of the '
shaft and the number and thickness of the trabeculae of the cancellous
bone. In children the epiphyseal cartilages were compared as to regu-
larity and thickness. In making the roentgenograms, care was taken to
have the bones as nearly 'as possible in the same position and at the
same distance between the tube and plate, so that accurate compa_risoh_s
could be made. ' |

From the study of the changes in bones which followed immo-
bilizations .and lack of use from various causes, both in children or
in adults, these authors found that the failure to use the bén,es was
fhe cause of the bone cﬁanges, rather than the debility which preceded.y
:th'e cessation of use. There was no evidence that bone atrophy was the

result of a specific nerve influence on bone.

One of the cases Qbserved by Allison and Brooks and included |
in their report was a white woman {18 years of age, who was confined to
bed for a period of a year incidentsl to repeated operations for an
intra-abdominal disease. In this woman ; all of the bones of the ex-

extremities showed marked atrophy. The fact that bone atrophy occurs



" as a result of confinement to bed was noted by these investigators as

a mtter of special clinical significance at the time of the report.

The' first experimental study of inactivity in humans was re-
ported in 1929 byVCuthbertson (9) , who thought that atrophy of muscle
was af two dlstlnct types—- one w’hlch is malnly of reflex orlgln , and
9 one l‘?hlch probably is entJ_rely due to unposed rest. The problems were
found to be complicated by an atrophy of bone. The amount of bony
chamge varied with the degree of disx._xse, the cause of the disuse béing

:ijmataerial.

Cuthbertson's subjects were volunteers in perfect health, or
patients admitted to the hospital with loose fragments of cartilage in
ﬂ;e:}s’}ee—-joint, tat olherwise i good healil. They were alluwed o
select the quality and quantity of foodstuffs which they desired, from
a prevared list. This intake, as well as the intake of water, was

kept constant during the course of the experiment.

’ Tl;ie subjects were in hitrogen equilibrium. Within a day or
ﬁvo from the commencement of a period of muscle rest of the order de-
scrihe_d, a rise was noted in the Aexcretion of sulphur, nitrogen, phos—
'. phorue, ‘ard calcium, in that orderA of priority. This loss was main-
tained fai:ciy ;\steazdily for a varying period, after wﬁich it gradually

Calcium equilibrium took longer to attain than Phosphorous.
It was not attained in three of the @{periments until the period of

inactivity was weII. advanced. There appeared to be a retentlon up to



that point. Whether this was,_ due to ﬂqe high calcium content of ‘the
diet, or not, camnot definitely be stated. There a;)pears to be“a ten-
dency for a loss of calcium to occur as the period of rest lengthens
The animal experiments of Allison and Brooks (7) had previously dennnr-
strated by visual exam:i_haﬁion of X-rays and by breaking strength of

: bones that bone atrophy through disuse could take place readlly. |
Cuthbertson (9) concluded that exper:mults dealing with mtaboln.sm of
phosphorus and calcium should be of much longer duration, and, that
they ‘should have much longer pre-periods than those dealing with the

metabolism of nitrogen and sulfur.

It is of interest:to nhote when reVieW;ing a report by one who
is recarded to be the first investigator in a certain field to see
whether or not he cites earlier investigators as preceding his work.

A case in point is that Cuthbertson cited two persons as having worked
in his field previous to his early report. They were Beigel (10}, and
shaffer (11), with neither of them having made a formal publication of

their observations.

. Belgel had conducted a brlef study in 1855 in whlch he had con-
pared the excretlods of four healthy subjects durmg a perlod of active
recreation with a period of rest on a sofa. He had found d_.,fferences
in the mean quantity of urea excreted per day) with the excretions
greater during the perlod of activity. He had not included calcium
or other bone minerals in his lmu_ted experiment, nor had he related
. his findings to bone changes. His experiment had no controls, nor had

he explained the lengths of time of his cbservations.



The observations of Shaffer were made in 1908 on a man who
spent two days wholly in bed, and then for the following four days was
_up for a few hours to sit in a chair. This period was followed by one
of normal activity. The average total daily nitrogen excretion was
4.77 g. and 4.40 g., and the sulphur excretion was Q.438 g. and 0.424 g.
during the inactive and active periods, respectively. Shaffer con-
cluded that eii:her increaée or éecrease of mascular activi’éy within
physiological limits has per se no effect on protein metabolism as in-
dicated by the urinary excretion of nitrogen and sulfur. Cuthbert:;-.on
' noted, however, that it appears that no pre-test period was followed
before the experiment began to insure that nitrogen equilibrium had

been established. In addition, the inactivity period was short and

without control .

In 1941 clinical interest concerning the possible effects Aof_
prolonged bed rest on human subjects was aroused by the study of
_Albright, Burnett, Cope and Persons (12) of Harvard in which a l4-year
old bdy whd suffered from a fractured femur caused by a bone cyst was
immobilized because of the injury. The patient developed marked hyper-
‘calcemia and hypercaldinuria and he was examined for a possible para-

thyroid tumor without success.

Albright and his co-workers thereupon concluded that immobili-
zation of a large part of the skeleton in individuals may result in
hypercalcemia associated with a rapidly developing osteoporosis. The

patient was mobilized and promptly exhibited improvement.



10

In 1945 Howard and Bigham of Johns Hopkins (13) studied the
urinary excretion of calcium and phosphorus in patients convalescing
from fracture. The subjects were 13 male patients aged 14 to 64 years.
| These investiéatOrs studied the-pattern of urinary excretion of calcium
and phosphorus in patients immobilized in extensive casts after frac-

ture of the femur. the tibia, and after femoral osteotomy.

Dietary content of the food was calculated from Sherman with
some check analyses in the investigator's laboratory. Figures used for

milk were determined by analyses.

Abrupt changes in calcium of the diet from high to low or re—

verse vere made.

The caloric and nitrogen ratios of the diets were approximately
1000 calories per 6.25 grams, so that the caloric content could readily

be ascertained from the amount of ingested nitrogen.

The sustained excretion of calcium via the urine was but little
influenced by dietary changes, or by administration of calciferol or
a?.kalis. It was similar to that found in patients on constant diets.
lemg calcium :Ln’ milk (with coincidént changes in phosphorus) did not
~ show significant changes in urinary calcium; but when a large increase
in dietary calcium was‘ provided as calcium lactate, given in water
after meals and then Witlﬁrawn, somevhat larger changes in urinary ex-—

Ve
cretion were noted.
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Even o£1 fixed oonst*ant dieté of all types used in these exéeri—-
ments, the daily output of these elements in the urine fluctuated to
some extent (up to 100 mg. or even more), due to other influences as
- yet not determined. 'I‘herefo're , a dietary change ﬁmst uniformly affect
an alteration of more than 100 mg. per day in the urinary calcium or

phosphorus output to be considered significant.

Roétgénoqraphic studies of llmbs encased in plaster or in
"splints for long periods of immobilization usually disclose marked
rarefaction of the bones. The movement of calcium and phosphorus,- with
especial attention to the amounts and concentrations of these elements
in the urine, was studied in a group of 17 patients at bed rest with

camplete leg and partial body casts.

In order to evaluate the relationship between the amount of in-
‘gested calcium and the calcium content of the urine, abrupt changes in
the calcium of the diet from high to low or in reverse order were made

in several instances.

A research. project was reported from the Laboratory of Physio-
logical Hygiepe, University of Minnesota in 1945 on the effects of
three weeks of éonﬂéleﬁe bed rest on bléod volure and related measure-
ments. This study was reported by Taylor, Erickson, Henschel, and

Keys (14).

A second study from the same laboratbry was published in 1948
by Taylor, Henschel, Prozek, and Keys (15). These investigators used
six young men as subjects in preconditioning, bed rest, and recondition-

ing periodé. The men were kept in a precondition period of six weeks
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followed by three weeks of bed rest and six weeks of reconditioning.
bDuring the initial conditioning period they walked on a treadmill under
standard. conditions for six days a week. . A training period in.the psy-
chomotor area also was included in the program. Cardiovésculaj: reéponse

to posture was determined by means of tilting measurements.

The diet was adjusted to maintain cardiac balance as estimated
from body weight. Pulse rates, respiratory efficiehéy, OXygen consump-
tion, respiratory quotient, and mechanical efficiency were measured be-

' fore and after bed rest.

, Bed rest pz:oduced a 17 per cent decrease ‘in heart volume and a
decrease in the transverse diameter of the heart. .Pulse rate, oxygen
' ;V\ﬁmwn'r?&;hﬁ- anA .thoY’ toctea rhanced A A rg_an: of h@d reé“i‘.- Bed reéﬁ
produced a markea deterioration in cardiovascular response as measured
by pulse rate and blood pressure changes produced by tilting to 68° on
a tilt table. B

Three reports from the Department of Mediéine, Cornell Univer-
siﬁy Medical Colléée, Thé Néw 'Yo.rk Hospiﬁal and The "Russeil Sage Insti-
tute of 'Pathology, have beénﬁ;blishe& on the interfelationéhip of im-
mobilization df’ healthy subjec%:é w1th vrakriouksb netabollc factors. The
first of these reports was published in 1948 by _I_)iefr_ick, .}«Ihédon, and
Shorr (16). This constituted a classic contribution to the understand-

ing of many of the effects of bed rest recm'rbency.‘

This investigation included four healthy young men, of whom two

were parl;icipants for a period of six weeks and two for seven weeks.
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" These subjects were continued in an initial conditioning phase for pe-
‘ ‘riods of six to eight weeks. During this control period they éngaged
in exercise of many types. During the bed rest period the subjects

| were placed in bivalve casts which extended from the urbilicus to the
toes. The men were removed from the casts each day for hygiene pur-

poses ard for tilt table and ergometer tests.

The men were on a constant diet which provided 2,500 to 2,800
calories, 85 to 90 grams of protein, 0.852 to 0.920 grams of calcium,
and 1.50 to 1.64 grams of phosphorus. Dietary analyses were carried
out during the course of the studies. The biochemical tests included
a series of hematological measurements, blood tests for calcium, phos-
phorus, and total nitrogen, urinary analyses for pH, volume, calcium,
phosphiorus, total nitrogen, creaiinine, creatius, suliud, ciLi;'ic acid,
sodium, and potassium, fecal analyses for calcium,' phosphorus, total

nitrogen, sodium, and potassium, and food analyses for calcium, phos-

phorus, total nitrogen, sodium, and potassium.

X~rays were made of the long bones and spine under duplicated
X;-ray technicues in an effort to detect visually discernible bone rare-

faction resulting from immobilization.

Compared to the pre-immobilization tests, there was a decrease
in total blood volume and a ma.rled deterioration in exercise tolerance
after immobilization, with most of the phvsiological functions showing

recovery from three to six weeks post-immobilization.
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With respect to the metabolic findings, immobilization brought
about a prompt increase both in urinary and fecal calcium. Calcium
excretion (urinary and fecal) recovered slowly and continued to show
values greater than the control period during the first three weeks.
Minimum post—~immobilization calcium levels were reached in two Subjects
during the fifth and sixth weeks, with a longer time required for the

‘bthei' two subjects.

In the second study of this series, Whedon, Dietrick, ahdv Shorr
(17) became concerned with measures which might reduce the disadx}_'anta—
geous results of long immobilization. This investigation involved an
‘investigation of the Sanders slowly oscillating bed. Three normal
. healthy young men who were studied with the earlier group, who had
been on a constant dietary intake before, during, and folluwiug & £i_‘vc~
week period of immobilization. The men were maintained in the same
type of plaster casts used in the formmer study, with the oscillating
beds used during the recumbency period. The three subjects had taken
part in the immobilization experiment on standard fixed beds, and hence
the metabolic and physiplogic data were available from the former ex-

periment, and could serve as a control for this study.

During the control periods the subjects were approxijﬁately in
calcium equilibrium. During the immobilization phase, there was a
gradual increase in calcium excretion, primarily in the urine. The in-
crease in fecal calcium was comparatively small. Urinary calcium in-
creased less rapidly than in the fixed bed experiment. For all three

subjects the maximum urinary excretion for a three- to four-day pooled
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calcium sample had an average of 311 mg. This is to be contrasﬁed with

a higher urinary calcium excretion by the same three subjects in the
fixed bed experiment. During the recovery phase following imwobiliza—

‘..tion Jn ’chg oscillating bed, caicimn excretion decreased tq:fard control

levels more rapidly than it had in the fixed bed study.

Phosphorus and nltrogen éxcretion levels followed somewhat the
sare pattern as calcium, especially in two of the subjects. During the
recovery phase, most metabolic and physiologic functions returned to
normal more rapidly following the oscillating than following the fixed

bed experiments.

" The third study of this New York series was carried out by
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immobilizing diseaée, acute anterior poliomyelitis. Altogether 11 sub-
jects were studied, nine of them in a metabolism ward where they re-
ceived constant dietary intakes for periods which ranged from five to
nine months. Seven of the nire patients had all four of the extremi-

ties involved.

The following tests were made during this experiment: urinary
and fecal calcium; urinary and fecal phosphorus; urinary citric acid; .

serum calcium and phosphorus; and serum alkaline phosphatase.

The first mobilization to a chair was 2 1/2 months, with walking
beginning 3 1/2 months after onset.” The average period before walking
. could be begun was six months for seven of the patients. The other two

progressed only to a wheel chair while the study was in progress.
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Correlation between serum calcium 1evc;ls was high for ’_cotal-cal-
ciqm loss, maximal negati%re calcium baiance, and maximal urinary calcium
excretion. Maximal negative calcium balance occurred on the average at
nine weeks aftér onset. Negative calcium balance continued for an aver—
- age of seven mﬂths, with positive balance regained approximately aft'er.

patients began to stand on their feet.

Metabolic studies were made by Lynch and colleagues (19) on 44
healthy men before and during bed rest at ground level and at a simu-—
lated altitude of 10,000, and 12,000 feet. Simple bed rest resulted in
loss of calciﬁm, phosphorus, nitrogen, sodium, and chloride with little
change in potassium. The similated altitude of 12,000 feet signifi-
cantly reduced the loss of urinary calcium, phosphorus, nitrogen, so-
dium, chloride and total nitrogen. The 10,000 foot simulated altitude
was associatéd ’(;Jith urinary calcium losses quanﬁtatively intermediate
between ground level and 12,000 feet, with increased total sodium and
potassium losses. The possibility that bone resorption represents one
aspect of acclimatizaﬁion to simulated altitude was discussed in this

report. -

4
T

_ Biﬂdaéad, Blizzard, Daly, Haupt, Issekutz, Myers, and Rodéhl
(20) at Lankenau Hospital, Philadelphia, in a project monitored by.
LaChance at Wright-Patterson Air Force Base made an extensive study
on the effect of bed rest on four healthy men. The men were admitted
to the metabolic ward of the hospital three weeks before the beginning
of 40 days of bed rest. During the preliminary period they were given

a program of physical training. They were retained for three weeks
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following the bed rest phase of the study for observation and physical

status improvement.

Durlng the study the subjects were on a wéighed diet of 2 ,'523 
calories, 72 grams of protein, 74 grams of fat, 385 grams of carbohy-
draté,, and 1.724 grams of caléium. Analyses of ﬂuevdiet for calcium
and nitrogen were made at frequent intervals. The diet consisted pri-~
marily of a iiquid formala. During the bed rest the only activity

allowed the subjects was the movement of arms and legs.

In addition to extensive functional and physiological tests, the
following metabolic analvses were made: blood tests for sodium, potas—

. sium, chloride, hemoglobin, hematocrit, alkaline phosphatase, calcium,
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excretion of nitrogen, of calcium and of phosphorus; and fecal tests

for nitrogen.

' vMetabolic findings from this investigation include the follow-
ing. All four subjects were in nitrogen balance throughout the study.
»'I‘his is a£ variance with certain other investigators, although the
finding 1s discussed by the authors. The most marked changes found
- during bed rest included definite increases in excretion of calcium and
phosphorus. In some cases the urinary excretion of calcium more than

doubled, and the increase began during the-first six days in bed.

Hemoglobin and hematocrit values decreased in the course of the
experiment, and reached their lowest levels at the end of the recovery

phase. No-other remarkable blood value changes were noted.
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OIHER ASPECTS OF RECUMBENCY

As early as 1944 numerous investigators pubiished reports on
the abuse of rest as a therapeutic measure for patients with cardio-
"vascular disease. Interest in this subject had been stimalated by
visits to a number of European clinics where physicians had observed
ﬂqgt patignts with heart disease were allowed to sit up in chairs and
tb walk about the hospitai wa:rds. This point of view concerning the
treatment of heart disease was expressed by Ievine (21). During the
same year Eastman (22) published an article on the abuse of rest J.n

obstetrics .

Innobilizafion~ of human subjects has been reported by numerous
investigators as causing an .J'_ncrease in whole blood volume, including
the red blood cell volume and the serum voiume. ‘this has been reviewed
by Oberfield et al. (23), who have described in detail their method of

blood studies by the chromium 51 technique.

_ Issekutz et al. (24) have investigated the effect of prolonged-
bed rest on urinary calcium outldut. They state that it has long been
known that prolonged inactivity in the horizontal kposition increased the
urinary excretion of calcium in healthy young men, with the nitrogén

' output not showing any consistent response.

Heaney (25) has reported on radiocalcium metabolism in disuse
osteoporosis in man. This investigator states that metabolism is de-—
pendent upon mechanical factors, such as muscle pulls and weight bear-

ing. VWhen these factors are decreased or removed, bone mass decreases
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and osteoporosis ensues. Combined calcium balance and radioactive turn-
over studies have been performed in a series of normal and paralyzed

adults. The kinetic factors responsible for disuse osteoporosis were

discussed in this report.

The book by Davidson et al. (26) on Human Nutrition and Dietetics
states that disuse atxophy, which is a common occurrence in bedridden pa-~

tients, may be related to reduced physical activity.

Intwak and Whedon (27) have described osteoporosis as one of the
most common, yet least understood afflictions of béne. Disturbances in
protein, mineral, or hormonal aspects of bone metabolism have been im-
| plicated as causative factors which lead to increasea resorption of bone.
Uc;teoporomq 1S descrioed oy tnese autnbrs élm;caLlf, cnemicaiily, radio—
logically, and histologically. No single therapeutic approach has seemed
to be effective in all osteoporotic patients. The use of hormones, Vita—
min D, and dietary calcium needs to be examined, according to these re-

search workers, and a mltifaceted approach was recommended.

Kottke (28‘) has reported on the effect of limitation of activity
upon the human body. This investigator states that, although rest may
be p:fotective for a damaged organ, it results in progressive loss of
functional capacity for normal organs. Limitation of activity during
prolonged bhed ;est causes significant deterioration of mul}:iple organ
systems, including the skeletal, neuromuscular, cardiovascular, respira-
tory, urogenital, and nervous systems. Neuromuscular and emotional con-—

trol and intellectual performance are all impaired by prolonged bed rest.
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Kosmolinsky and Dushkov (29) conducted an investigation relé.ted
to specific features of édaptation of hmnan subjects to prolonged stay
in seaied chambers. A group of men aged 24 to 38 yearé. took part in
the experiments in which they were placed in sealed chambers of small
volure in vhich the temperature was maintained within 20 to 25 degrees

Centigrade, with normal atmospheric pressure.

No pathological deviations were cbserved in the psychologic ac-

tivity of the tested subjects.

Changes in the nerve-émotional spheré' testify to same reduction
in emotional stability. Pronounced changes in hormonal metabolism indi-.
cate the stress-condition. The changes in higher nervous activity indi-
Cave a suaii ceuuciion ol i exciauion povss L e Ui owiwiioe

- system.

At the beglnm.ng of I;rolbnged experiments mental performance
sharply deberiorétes, then oﬁ the 9th-10th day it is stabilized.i' At
the end of the experiment under the effect of envirommental factors
| (sensory 'deprivation, low motoricity, monotonous pose) mental perfor-
mance agéin diminishes. There is a definite dependence on volitional
processes (the so-called "final effort", i.e. the improvement of in-

dexes before the discbntinuation of the experiment).

.As a rule, muscular performance gradually goes down from the "
first to the last day of the experiment, increasing only before leaving
~ the chamber.
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EXERCISE AND PHYSICAL STATUS

Vogt, Mack, Beasley et al. (3) conducted the first bed rest
study during which bone density neasurenents'were made and calibrated
.exercise was added to the inves*l.:igation while the subjects were :Ln su-
pine, horiz'onéal bed rest. The experimental study was performed at the
Texas Instltute for Rehabllltatlon and Research w1th the coope.ratlon of
the Texaf: oman's Unlver.altv in ’che qu_rrmer of 1963 bo evaluate (a) the
changes in os calcis bone density with bed rest and (b) the effect of
isometric exercises in preVenti;lg the loss of calcium during prolonged

bed rest.

Seven healthy young adult males participated in the study which
was divided into two 1l4-day periods of bed rest, preceded and followed
by an observation period. The first bed rest period consisted of bed
rest without exercise. Bone densitometry measurements of the os calcis
showed a diminished density with the institution of bed rest, the great-

est changes occurring in the first 3 or 4 days.

- During the second immobilization period, the subjecfs were re-
quired to perform controlled isometric exercises at hourly J_ntervals be~
g:mmng at 9 a.m. and enchng at 4:30 p.-m. The exercise procedure was
designed to provide the following:

1. Musculoskeletal exercise on the os calcis and lower back,
‘since x—réy densitometric studies were used to evaluate
the os calcis and third lumbar vertebrae. Previous ex-
perience has been accumlated on radiographic analysis

of these anatomical sites.
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2. Exercise to massive muscle groups of the lower extremities,
back, a.nd'shoulders, since it was thought that lack of
exercise may contribute to the "cardiovascular decondi-

" tioning" of bed rest.

3. Relative gravitational constancy (i.e., action of gravity
"Vectors on body does not change ‘diréction) as required

"in the design of the cardiovascular portion of the study.

Apparatus was constructed for use in bed to provide musculo-
skeletal exercise to the lower extremities and back with the body main-

~ tained in a horizontal position.

- A recofding was made of every exercise routine for each subject.
-An auxiliary meter, synchronized‘ with the myodynagrapn, was piaced fur‘
easy viewing of the subject to allow him to maintain the desired forces,
and thus perform the prescribed amount of exercise with each trial. The
subjects wére required to produce a thrust force in the range of 300 -
400 pounds, the desired value having been determined for each subject
before inmbilization. Maximal effort forces were variable for thé dif-
ferent subjects, and the exercise levels prescribed‘were approximately

60 per cent of maximum for each individual.

When the bone mass data for the central section of the os calcis
- were pooled for the pre-bed rest period_ and were compared Tstatiétically
ﬁth ﬁie pooled data for all roentgenograms made during the first bed

rést period, the former surpassed the latter by a significant difference

(P < 0.01) -for all subjects grouped together. The differences also were
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: srgruflcant for each J_nd1v3.dual subject, with P < O lO to P < 0. 001

represent:.ng the range for the respective subjects

- The results obtained durlng the bed rest with exercise perlod
showed bone mass values which exceeded those found in the same subjects
“during the first bed _rest period when exercise was not admnmstered.
| When the data were pooled for all subjects for each of the two periods,
the bed rest w:.th exercise bone mass surpassed tnat of the perlod with—~
out exercise s:.gnlflcantly (® < 0. 05) When the data for J.nd:Lv:Ldual
St;bjects were considered for the two respective periods, the same find-
ing's'occurred, witth< 0.10 to P < 0.001 denoting the range of statis-

tical significance found for the ‘individual subjects.

The daJ_lv diet of the subjects was deslgned to aoproxm»ate a

2 400*calor1e r 1, 000 milligram CalClum, and 100 gram protem compos:_-—
tlon. The average calcnm intake by analys:Ls during the first study
period was 1088 milligrams per day. During the second study period it

was ‘1035 milligrams daily. B ST

- - - -— .- - -

Van Liere and comrkers (30) found that exercise inposed upon

laboratory ammals caused a SJ.gnlf:Lcant mcrease in thelr :Lnbestlnal
IIDtlllty. In dlscu551ng the:.r results, these authors stated ’ "Slnce
exer015e produces hypertrophy of strlated muscle, 1t is concelvable
that the muscles of the viscera, 1_ﬂ<ewn.se, would be strengthened by

increased work." Co e -

In an mterv1ew in 1959, Dr. A. L. Chapman (31), formerly of

" the United States Public Health Serv1ce, was asked' "vmy is exercise
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helpful?" In replying, Dr. Chapman stated that blood vessels are lined :
with smooth muscle fibers which atrophf like all other muscles when
my do not ‘get exefcised. He went on to explam that a demand on the
blood stream for oxygen was the way to exercise a blood vessel. When

. muscle tissues yﬁse up oxygen at an increased rate, as-in physical ac~
tJ.V1ty, the heart beats faster to renew oxygen-—rlch blood to the tls-

s,ues. Blood vessels expand to allow this more profuse c1rculatlon

DaVJ.S, Logan, and McKinney (32) list the following bi ophys:.cal

. values as benefits derived from muscular activity:

1. Muscular activity stimulates grovth and development.
2. Muscular activity improves the efficiency of the living
7 sl | |
3. Muscular activity increases adaptaleility to externel foroes.
4, Muscular activity aids in the body's internal adaptation.
5. Muscular activity promotes desirable emotional releases.
6. Muscular activity helps prevent bodily injury.

7. Muscular activity aids in skeletal atrophy restoration.

Matthias (33) wrote that the tendon, according to the extent of
the mascle pull, transmits to the underlying bone a lesser or a greater
action.’ These "ﬁﬁll—pressure effects” exerted .on bone by mes‘cle ahd‘
tendon constitute a developrrent stimulus on the bone. This ’stin'ulus
makes itself felt in two dlrectlons: on the one hand, it activates a
growth of bone in bulk and size; and on the other, it provokes a change

of the inner structure, location, and mumber of bone fibers, in order
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to meet the varied demands of power exertion. Of great importance is
the fact that there exist, in this connection, specific laws of stimuli
effects. It has been shown that amount, as well as duration, of muscle

function is of decided significance in bone mineral stimulation.

Brannon, Rochwood, and Potts (34) attempted to show that specific
exercises could prevent debilitating musculoskeletal disorders which

would be of interest in space travel.

The importance of regular activity and exercise to normal body
function generally is conceded. Normal ostecblastic capacity depends to .
large measure upon the stresses of muscular contractions and weight-

bearing compression forces. The loss of these stirmlli results in in-
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and increased porosity of bone. The softened bone loses its strength
and resiliency and is subject to pathological fractures. The mainten—
ance of the healthy state of striated muscle also requires the stimalus
of gravitational stress and activity. Elimination of these factors pro-

duces hypotonicity and wasting of muscle.

The undesirable metabolic and physiological effects of 1e.ngthy
confinement and inactivity on the musculoskeletal system are well docu-
mented. Clinical cbservations and experimental studies have demon-
strated that muscle atrophy and bone demineralization readily occur un-

der these circumstances, influenced by degree and duration of inactivity.

Subjects were 30 volunteer airmen aged 18 to 22, all healthy

adult males. Environment, diet, activity, and health of participants
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were strictly controlled. All subjects were given the same 2300 calorie
diet which included a daily average of 1.25 grams of calcium, 250 grams
of carbohydrate, 100 grams of fat, and 106 grams of protein. Meals were

served three times daily. The study lasted 60 days.

Three types of exercise were investigated, as fpllows: (a) the
official U. S. Air Force physical fitness program which includes basic
exercises of the calisthenic type, (b) Isotonic exercises, and (c) Iso~
metric exercises. The men were divided into these five groups of six
men each: Subjects in Category I were restricted to the ward, but vere
allowed normal activity: as members of a work detail. Category II sub-
jects were confined to bed rest and were given isotonic exercises with
. 10’pounds of applied resistance and 10 repetitions of each exercise.

Tuose in Caleyory IIT were confined to bed rest and given iscistric ex-

f

ercises without applied resistance, and with 10 repetitions of each ex-
ercise. Category IV were confined to bed rest and were givenvisometric
exercises using the resistance of the agonist muscle or the bed, with a
count of six during each muscle contraction, Wl‘th 10 repetitions. Cate-
gory V subjects xve£e confj_ned to bed rest and given no exercise routine.
Movements of those in the last group were confined to sitting, turning,

eating, washing, handicraft projects, and use of the bed pan.

Laboratory tests included blood tests for: (a) hematological -
values; (b) blbod values for calcium, phosphorus, alkaline’ phosphatase,
potassiun, sodium, creatine, creatinine, chloride, cholesterol, urea
nitrogen, glucose, total protein, albumin, and A/G ratio. Urinary de-
terminations included tests for: specific gravity, pH, calcium, potas-

sium, sodium, chloride, creatine, and creatinine.
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Body weight changes, physiological measurements, and tests of

extremity muscle strength and mass also were included in the tests.

No abnormal .alterations were found in the red cell blood count,
hemoglobin, hematocrit, or prothrombin time. The daily urine outputs
for each subject did not fluctuate appreciably for the 60-day period.
Urine determinations made on the 24-hour total volume aliqu.ots failed

to show variations in the specific gravity, reaction, or chemical tests.

With respect to body weight, the Category I group (nommal -ac-
tivity) gained an average of 1.4 kilograms during the study period,
while the subjects in the bed rest categories lost in average weight.
There was no loss of power in the hand grip of those in Category V (bed
rest with some activity, but no routine exercise), although loss of
girth in the forearm and upper arm averaged 0.7 cm. All bed rest cate-
gories showed some decrease in the girth and strength of the calf mus-—
cles, with this most evident in Category III (bed rest with isotonic
exercise without weights) and Category V (bed rest with some activity,

but no weights.

Elton (35) reported_ on stress reaction of bone in army trainees.
The aufh'or had spént four years :m the practicé,r of orthopedics primarily
with problems of the army trainee. The author states that the term
“"stress reaction" of bone indicates that a normal healthy adult male
can suffer from such a réaction', which is regional in nature and which
manifests itself by osteoporosis 6f bone. This is followed by break-

down .of the internal trabecular bone pattern, and at times, but not
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always, by frank fracture of the bone at its weakest point.

Ganslen (36) has reported on the influence of training and exer-
cise upon thevp};ysiological and mechanical properties of muscle. .'He
stat;as that, since 40 per cent of:the human body is devoted to muscleA,,
human motor performance should be considered in terms of "biomechanics"

or '»"dyriamic anthropometry"”.

This author recommends moderate exercise, and states that we
should train our ligaments, cartilage, and téndons, as well as our

muscles.

Stenberg et al. (37) of Stocklﬂolm, Sweden hés repoi‘ted on the
hemodynamic response to work with different muscle groups, sitting and
supine. “his group has conducted experiments which inciuded sulicxiindl
and maximal -worke on bicycle ergometers with arms, with legs, and with
arms and legs, in sitting and supine positions, respectively. The
lowest exercise values were registered during arm work in a sitting

position, and the.highest during arm and leg work in a supine position.

Bevegard et al. (38) also working in Sweden, have reportea.'on
the qirculétory'adaptation to am and leg exercise in supine and sitting
posii;,ions ¢ In six healthy, young males, the adaptation to arm, leg, and
combined arm and leg exercise was studied by cardiac catheterization in
supine and sitting position. The hemodynamic and ventilatory responses
‘were equal during leg exercise and when more muscle groups participated
as during combined arm and leg exercise. During exercise with the arms,

however, total ventilation, heart rate, and lactate formation were
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significantly hicjhe’r for a given oxygen uptake., With arm exercise the
systblic, diastolic, and mean pressures in the aorta increased more in
relation to the cardiac output than when the legs participated in the
work. The observed differences in circulatory adaptation during arm
versus leg exercise indicate higher sympathetic tone during arm exer-
cise. The effect of body position was more pronounced during arm exer-
cise ohly than when the legs took part i ’ché work. In the Siéﬁing
position the stroke volume did not increase on transition from res_t to

arm exercise when the legs were passive.

Cooper (39) in discussing the physical effects of seated and
supine exercise, with and without subatmospheric pressﬁre applied to

the lower body, states the following:

Eight subjects were evaluated on a bicycle ergometér once a
week for four weeks in both the upright and the supine position, with
and without the addition of -30 mm. mercury lower body negative pres-—
;;ure. Upright ergometry without negative pressure was associated with
the highest maximum oxygen consumption, whereas upright exercise with
negative pressure and sﬁpine exercise with and without negative pfes—
sure were remérkably comparable. The cardiovascular response during
submaximal upright éxercise with negative pressure resembled that seen
after physical deconditioning. This difference was not as apparent at
meximum performance. These results indicate that in an earth environ—-
ment the integration of lower body negative pressure with upright exer-
cise provides an overload phenomenon that may be used to accelerate a

cardiovascular conditioning response. In space, the mechanics of
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exercise zﬁight be facilitated, a good cardiovascular conditioning device
could be provided, and a means of orthostatic stress testing would be
available.

Greenleaf et al. (40) made a study on the physical performance
of women following heat-exercise hypohydration. In this study, 12
healthy women, ages 22 to 33, underwent a S—mnth phys1cal tralnlng
per:.od before belng lelded into two groups, a control group and a
hypohydrated (water-depleted) group. Hypchydration was achieved with
the subjects alternately resting and walking. (4.8 km/hr) at 49 C until
iﬁhey lost about 3.3 per cent of their body weight. They were then given
various physical performance tests to assess the effect of the hypohy-
dration. Statistically significant changes (P < 0.05) in the hypohy-
ora‘cea group were opservea il id) reecing PUiSE Laush, (W) LEUOVeLy
pulse rates following a modified Harvard step test, and (c) the pulse
- rates and systolic and diastolic blood pressures during a standard 700
tJ.lt table test. No significant decrements were noted in submaximal
O, intakes, submaximal Vg, total body reaction times, and maximal iso-
retric miscular strength. The submaximal ventilatory exchange ratio
was unchanged It was concluded that there was some deterloratlon in
the cardlovascula_r system response but there was ho cross deterloratlon ,
in physical performance following 3.3 per cent hypohydration in fit,

young women.

Wasserman et al. (41) have reported on the interaction of
physiological mechanisms during exercise. The effects of work intensity

and duration on the metabolic,circulatory and ventilatory response to
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exercise are quantltated in héalﬁhy male subjects during cyéle ergometer
exercise. There is a well-ordered relationship between ’work rate and
oxidative energy sources. Steady-state time for oxygen consunption is
dependent on work intensity (the time arterial blood lactate concentra-
tion stops increasing). At moderate work, anaerobic metabolism is a
very small part of credit oxidation, while at very heavy work, the
pyfuvate—-lactate mechanism is the major creditor. The increase 1n gas
exchange ratio'reflecting the production of carbon dioxide from bicar-—
bonate (buffering of lactic aid) is transient. After the steady state
is reached, the ratio decreases. The heart rate increase during
constant-load exercise parallels the increase in oxygen consumption.
Physiological dead space/tidal volume ratio decreases from .33 to .17
during exercise. The reduction is independent of wofk duration and
only slightly reduced as work intensity increases. Arterial oxygen
tension does not decrease during exercise at sea level even at maximal
rates of oxygen transport. Arterial-end tidal carbon dioxide tension
differences suggest a fluctuation in pulmonary capillary carbon dioxide
tension of approximately 8 mm Hg during the respiratory cycle of the
exercising subject. Changes in minute ventilatidn are best predicted
from the rate of carbon dioxide production and the extent of respira-

tory compensation for metabolic acidosis.

Raab et al, (42) have reported on cardiac adrenergic'preponder—
'ance due to lack cf physical exercise and its pathogenic implications.
The authors state that lack of exercise resulting from motorization,
autozﬁation, television sitting, and from the nearly universal availa-

bility of the multitude of labor-saving devices, has become one of the
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most conspicuous characteristics of 20th century Western civilization.
The study made by this group of acperhézuters involved 360 healthy

American and Austrian men, 17 to 50 years of age. .

The results, especially the basic resting values, reveal a
linear increase of cardiac. sympathetic tone and decline of cardiac
neufr’ovegetative counterregulatory effectiveness in proportion to de-
cxeasing degrees of habitual exercise. Physical traiﬁing periodg )

reversed the situation.

Expanded epidemiological studies of primary neurovegetatlve
A’factors together with other correlated pathogenic conditions (dletary

- social, emotional), and the develoment .of medically suoerv15ed, pro-—‘
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lations are being urged.

Wisham et al. (43) have discussed the value of exercise in
peripheral arterial ‘dvisease. These investigators conducted a study to
ascertain whether or not exercise actually does "prdduce an increased
blood flow in the extremities of persons with and without peripheral
arterial disease.’ It also was desired to determine quantitatively the
changes in blood flow produced by a series of exercises requiring pro-~
gressively greater muscular effort. The method used was that of
measuring the clearance of radlosodlmn (Na74) from tissues. The rate
of this clearance reflects the effective circulation in these tissues.
In this way the éffects of exercise were determined both during and

- after exercise.
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Because, in a normal person, blood flow is greatly increased in
muscles exercised against resistance, the effectiveness of this form of
therapy in peripheral arterial disease was also studied and compared

‘with the more commonly used forms.

The conclusions reported by these rgsearch workers were the
following:

‘1. Passive péstural »exercises do not increase
blood flow significantly.

2., Active erxercise is effective in increasing
blood flow during and shortly after its administration.

3. The effect of exercise increases with in-
crease in muscular effort.

4. The most effective form of éxer-r_*n se 1g that
in which fhe- muscles of the involved extremities are
offered considerable resistance against their con-

traction.

- Smith and Kidera (44) have conducted an experiment on the effect
of programmed exercise on non~specifi¢ T-wave abnormalities. An ab-

stract of this study follows.

"Fifty aéympotomatic persons with non-specific T-wave changes
were placed on a progressive exercise stress prégram. S.'LX cases showed
no essential change in tl;xe resting electrocardiogram or exercise test
after a period of programmed exeréise. Five of these cases were under

35 years of age and the changes were probably due to old, healed
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myocai‘ditis~-pericarditis from a previoﬁs infection. One case in a

45-year-old male also showed no changes on exercise. Forty~four cases
showed rapid changes in the T-waves, returning to normal within one to
three months.: Rapid progression of exercise stress was well tolerated

and no untoward symptoms developed.

It is probable that the abnormal T—wave changes in the groub
ever 35 were due to early myocardlal J_schemla and hypokmetlc disease
and emotional reactivity. The use of progressive exercise stress seems
to benefit all of these factors and the return of the electrocardiogram

to normal is an indication of these benefits."

General interest in physical activity is beceming widespread.
An International Svrmposium on Physical Activity and Ca.rdiovasculai
Health (45) was held in Toronto, Ontario, Canada from October 11 to 13,
1966, sponsored by the Ontario Heart Foundation, the Ontario Medical .
Association, and the Canadian Medical Association. The concluding re-
marks made at the Symposium, made by P. O. Astrand, M.D. of Stockholm,

Sweden included the following:

"In regard to. the predlctlon of aeroblc capacity,
the problems are stlll unsolved and there w1ll yet be
many attep:pts to solve them. If you hai}e a research
interest in the maximum oxygen intake you should mea-
sure this quantity. If you are merely seeking a practi-
cal screening test, you sheuld ask yourself what accuracy

is necessary for your purpose. The heart rate mey be
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influenced by factors other than oxygen transport I
could take as an example the dé&mhill skier. When the
skier is about to start, his heart rate as measured by
telemetry is about 150 beats per minute, and it has
been so for the previous minute; within seconds of
take——off’,': his heart rate will reach his maximm——about
1200, I fef:erk to measurements on one of the bést dowir—
hill skiers in the world. His heart rate stays at 200
throughout his descent. We have also measured his
oxygen uptake, and a heart rate of 180 would be adequate
- to transport the amount of oxygen he needs, so that the
additional rate must be due to psychological factors.
We have used a similar telemetric system to record the
heart rate of a girl attending a concert given by the
Beatles. Vhen the theatre orchestra was playing, her
heart rate varied between 120 and 150. Vhen they an-
nounced that the Beatles were approaching, her heart
rate. increased from about 100 to 160; when they appeared
it reached 200, and it stayed at this level, although I
would presiume that her oxygen upfake and cardiac output
were low. The prediction of maximum aerobic capacity
from such data would give erroneous results! Wé have
also noticed during telemetric studies of car drivers
that invariably, if there is a bend in the road that
the driver does not expect, the heart rate increases by

about 20 beats/mimute or more.



"The strain on the individual may be related more
1o the heart rate than to the oxygen uptake. My wife
.has measured both the maximum heart rate and the average
heart rate of the hoilseWife vhile working around theA
house; she has also nﬁde*similar neasurements for other
professions, and found that the mean heart rate ovér an
eight—-hour day is related to the maximum heart rate.
Individuals with a maximum of 200 work at a heart rate ’_
of about 115, while those with a maximm of 150 work at
a heart rate of about 90. You cannot use the heart rate
‘alone to tell how hard an individual should train. If
your goal is a héart’rate of 180, this will be discourag-
- ing for the person with a maximum heart rate of 150! The
pulse rate selected should be related to the individﬁal‘s
maximm. In this further discussion of prediction meth-
; ods; Iagaln want to emphasize that 'if you plot data for
diffev::ent’ages from 20 to 60, the heart rate at a given
work load stays the same. Conversely, the work load at
a heart rate of 170 is more or less the same throughout
the span of adult life. The heart volume and total hemo-
globin also remain about the same, and the maximm Vo,
is §robably influenced mainly by the decrease in maximum
heart 1;ate and cardiac output; however, we do not have

enough data to be positive..

36
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"The factor limiting oxygen uptake remains unsolved.
Which is the limiting stage on the way from the mouth to
the mitéchondria? Is it on the regulatory side? Is some .
factor keeping the heart rate and/or blood pressure low
even during maximum exercise? If the blood pressure could
be increased to twice the noxmécl level, it would certainly
ﬁi:ovid’e adequate perfusion of the active muscles. Appar—
ently the baroreceptors are active during exercise. fgrpoxgla
per se does not seem to influence cardiac outpﬁt. If a
large proporﬁion of the body musculature is involved ln
maximm effdﬁ, and measurements are made of cardiac out-
put, heart rate and vstroke.vol\:me, and if hypoxic stress
is newr added bv placing the subieét in a lovr;pressure cham~
ber at a similated altitude of 14,000 feet, it does not
influence the recorded cardiac.output, stroke volure or
“heart rate; apparently, the heart does not know whether it
is working at sea level or at simulated altitude. Hdwever,
the maximm oxygen intake decreases in relation to the un-—

' .saturation of the arterial blood.

"I want to turn- 'rbw to the biopsy results mentioned
earlier. V'May I emphasize that we are examining mitochon-
dria in healthy subjects. I think that, in the future;
intracellular events will he studied increasingly, and
many important findings VJiil arise from such investigations.

Our studies have shown that during prolonged exercise the



glycogen depots. are depq_eted. It was once claimed that
carbohydrate was the only fuei a\?ailable to. skeletal
muscles.; however, s’everal;‘faqtors seem to. influence
mﬁséle metabolism.. "Ihe‘ first is diet: if the subject
- is'given a carbéhYd’rate%ich diet, more carbohydrate
will be Qxidq;zgad; if he receives a fat diet, relatively
more fat will be burnt. Asecond faéto:: is the work
load. Our data suggestk that during work of light or
moderate intensity, combustion is divided r;ather evenly
between fat and carbohydrate;b however, during severe |
exercise, gl;}cogen is the preferred fuel, and if the

" glycogen depots are emptied the work load must be re-
Anred Mo interrratation nf ;nnh Findinma ie e
pliéated by the fact that glucose is essential to the
‘central nervous system; exhaustion may thus be ex-
perienced before the glycogen depots are actually
~emptied. Migrating birds, such as the humming bird,
burn fat exclusively; this is a wise arrangement,
because glycogen storage becomes involved with water
storage. ' For each gra'mkof glycogen that is stored,

2.7 grams of water are alsé stored. If the migrating
bird filled its depo;ts with glycogen, it would be ‘too
heavy. for take-off. Fat is a compact and relatively |
light fuel. Some animals burn almost nothing but fat
in their muscles; same burn almost nothing but carbohy-

draf:e, and some burn a mixture. On a carbohydrate-rich

38
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diet, the féspiratory quotient is higher than oﬁ a fat
diet, and thus in prolonged exercise the respiratory
quotienf will be reduced. Well-trained subjects have

a capacity to work at a heavy work load, where the free
fatty acids contribute relatively more than the carbohy-

drates Lo the total metabolism.

"I would like to comment on the uéé and ai;use of
training for the unLramed Studies on the relationship
between physical 'activity and cardiovéscular health are
very difficult, and I am afraid it may take a long time
to get final proof. It is a critical question whéther
we should wait perhaps 100 years for this final proof,
c;*: viacther we chould tabe 2 charce tbateverﬂsa mAay be
be:qéficiél. I accept indirect evi‘dencefand use a teleo-
logical approach. We are constructed for activity; once
we had to run in order to sﬁrvive.. In those studies
which have been reported, the risk of a cordnary heart
attack is two to three times higher for the- inactive
than for the active; the chance of surviving the first
heart aﬁtack is alsb two or three times better in those

who are active.

“Industrial activity can influence aerobic ca-
pacity. In my wife's material, there is a definite dif~
ference in the predicted maximumm Vo, between different

&cupations; forest workers have a high capacity, followed
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b); rock blasters, labourers, and carpenters; drivers
and white-collar wé)rkers have poor values. However,

as Professor Montoye has pointed out, in North America
it may be difficult to find active people, because most
of them have a set and inactive routine-—the car to the
office, the elevator up to _their floor and down again(
the car home, dinner, television and bed; bthere are
some who claim to be active—-they played golf two or
three weéks ago and plan to play golf within another

two weeks!

“"In order to maintain a good functional capacity,
some exercise is essential. If you want to move from

—— et M & B and. T A Teimrinn Tl e b de mnm vl T
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san't motter whetheor you walk
slowly or run quickly, the energy required. is about the
same. This is important when discussing obesity. The
doctor may say to his obese patient, "I prescribe that
you walk five miles per hour, 30 minutes per day and
after one month you will lose 1 1/2 pounds, everything
being constant except for this walk," but the patient
vﬁll not be impressed. However, if he claims that you
should dc; this exercise every day for 10 years, and you
will then lose 180 pounds, it is more impressive: You
start to gain weight the day you get your first car,
but it is only after some years you realize that your

body weight has increased. To match this tendency, more
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calories must be used, and this extra usage will only.

be effective if continued over the years.

“In regard to whether fewer c_:alori,eé are consumed
on the day of exeréivse, there are studies show;’ing that
as body temperature increaséS‘ the appetite is depressed;
this might explain these findings. In Sweden at least,
the intake of iron, vitamins and some’,'amino acids is
proportional to caloric intake. When three or four
thousand calories ;'a. day were consumed, the intake of
these various items was adequate. Nowadays, most of the
population is sedentary, and the daily energy expendi-~
ture of 50—~ to 60-year-old women is as low as 1500 Kcal.
Ty Uius 3.'5.1; a Gefinite risk of getting too 1ittlc—’ :
iron, vitamins and amino acids. The physiological way
to improve their nutritional status would be to increase

their energy expenditure; more food would then be eaten

and their nutrition would be correspondingly improved."’ ‘

A 1ist. of 11 contrilutors from five countries have cooperated in
a publication entitled: Biomedical Studies of the Musculo-Skeletal Sys-—
tem. This includes eight original and previously unpublished papers,
each written by a recognized authority and dealing with recent advances
in the undersﬁanding of the functional significance of some part of the
msculo-skeletal system. Techniques employed in research by some of the
authors have been adapted from fhe fields of mechanics and engineering——

techniques not comonly used in biological and medical ihvestigations (46)
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The USSR Ministry of Health conducted a 62-day study in which
six healtly young men, ages 23 to 36, were confined to bed auring this
perlod Movements without disturbance of the horizontal éosition were
.permitted to the subjects. | Three of the men engaged in physical exer—

cises daily according to a special program (47).

The investigation was regarded as having practical significance
for the problems of selecting cosmonauts. The following conclusions

were drawn from the study.

Two months of hypokinosis produced various disturbances in sys-
tems and organs. The extent of these disturbances and their pathogenesis

differed from subject to subject. The most marked disturbances were in
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The translation of the above did not stallte whether or not the
individual men were isolated. Nor was any information given concernihg
the initial medical and psychiatric status of the men reported. Diets
fed before and during the ’bed rest also wei:e not de's_cribed, with no
analysis of the calorie and nutrient content of the foods supplied. The

type of exercise also was not described.
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THE HUMAN SKELETON

The human adult skeleton contains about 206 bones, according to
McIean and Urist, (48). | Tt was. for a long time regarded as a fixed
structure vhich once formed, remained unchanged indefinitely. Today it
is regarded as a dynamic entity which participates in and responds to
the ebb and flow of life as do other body tlssues. As living, develop—-
mg, gromng tlesues, bone has a stake in the general n'etabollsm which
influences its function and is influenced by function. Some 25 to 30
per cent of bone is water. The remainder is a bﬂo—phaée material of
which 60 to 70 per cent is composed of mineral, which gives bone the
ability to resist compression; the balance is made up of collagen (a
protein) which provides its ability to resist tension. A bone can with-
stand manv times the stresses to which it is snhiectéd in the normal

course of events.

If all of the organic material and water are removed, the re-
maining structure crumbles easily. On the other hand, if “all organic
salts are extracted from a long bone, the remaining structure, when
fresh and moist, can be bent easily and tied into an overhand @ot.
After maturlty, the proportlons of fluid and of organlc material may
gradually decrease wrch age. Becauoe of this and other factors, the
bones of older persons often are easily broken, ._with healing becoming

more difficult. |

The organic portion of bones can be divided into: (a) cells,
which constitute only a minute fraction of the total weight of bone;

(b) a fibrous matrix, formed largely of filrils of collagen, which can
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be extracted as glue or gelatin, and (c) an amorphous (formless) ground
substance, consisting largely of mucopdlysaccharides (protein-sugar com-
@nds) . 'The ground substance may be regarded as condensed tissue fluid,
and along with the tissue flu’id it is interspersed among the collagenous

fibers. The organic matter is impregnated with the inorganic bone salts.

According to Hendricks and Hill (49), analyses show that the
principal constituents of the mineral portion of bone are calcium, phos~
phate., and carbonate, with minor amounts of magnesium and sodium.‘ Bone
gives an X-ray diffraction pattern similar to that of the mineral apa-
tite, the unit of structure of vhich contains Célo (PO4) gFp. Various
substitutions, such as (CH)™ for F~, and Mg*t2 for ca'?2 are known to oc-
cur in the apatite lattice. Although fomulas for the calcium phosphate
chiponent Of bone have been propescd since B"w""""" ({ 194"‘ "tcur—
rently is widely accepted that sodium and parbor’uate are essential con-

stituents of bone mineral.

Bone tissue is permeated with blood vessels, lymph chamnels, and -
nerve branches. The microscopic Haversian system is the structural ba-
sis of compact bone. This consists of cylindrical tunnels about 0.05
m. in diameter céiled the Haversian canals which are aligned with the
long axis of the bone. These branch irreqularly, and contain small
blood and lymph vessels and nerve fibersf. Bone tiésue is deposited -
around each Faversian canal in very thin cvllndra cal concentr:.c layers

“knovn as lamellae. Many small cavities are found between the 1amellae,
called lacunae.  Each of the lacunae contains an osteocyte, or bone

cell. FEach lacuna appears shaped like a cigar made irregular by the
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minute channels, called canaliculi, which exit from it, comnecting it

with other lacunae and with the Haversian canals. These cavities are

filled with tissue fluids.

Bones may be classified ina mmber of ways. There are long
bones, such as the humerocus and tibia, which are found :Ln the linbs.
Short bones are samewhat cubical and are representea only by the toréal
and carpal bones. The sternm, ribs, ilium, scapula, and some of the
sk}lll bones aie known as flat bones and have outer layers of compact
bone filled inside with spc.a_ngy boné and marrow. These are designed to
serve as éxtensive flat aréas-for the attachment of musclzlles and liga-
ments and to enclose body cavities, except for the scapula. AUsually
flat bones are curved and thick where tendons and fascia attach and
&ﬁ.n; nearly translucent, where the fleshy muscle fibers attach di-
rectly to the bone. Finally, irreqular bones, like tﬁe ischium, pubis,

maxilla, and vertebrae, are adapted to special purposes.

The long bones are adapted for weight-bearing and for sweeping,
speedy movements. They serve these functions well because of their
tubular form, their broad and specialized articular surfaces and shapes

at their ends and their great length.

‘I‘hé long tubular part of a 1ong bone is called the shaft 6r
éiaphysis. It contains the hollow medullary cavity, filled with mar-
row and surrounded with compact bone. After maturity, the compact bone
of the shaft blends gradually into the compact bone of the two ends.

The proximal end is usually called the head. Both the proximal and



46

distal ends typically display i)rotrusions called condyies or tl;beroéi“ :
ties, which serve as attachments or puileys for tendons and ligaments.
The éhapes ‘of the articular surfaces commonly are specialized to enable
the bone to fit securely, into the conformations of its neighbor, and to
determine or liﬁt the kind of action possible at the joint. Each ar-
tlcular surface has a cap of hyallne cartllage. This articu_lar carti-
lage functlons to :m\,rease the srrbothness of flt, prevont excess wear, ‘

absorb shocks, and prevent dislocation of the joints.

Toward the ends of longy bones, the medullary cavity gives way
to spongy or cancellous bones within the external layers of compact
bone. Spongy bone is as hard as coznpaét bone , but is arranged in a
complex grillwork. These bars of latticework are called cancelli or
“trabeculae. The basic tubalar structure of long bones conserves weight,.
at the same time providing great resistance to ;tiess and strain. The

tensile strength 'of conpact bone is 230 times greater than that for

mascle of a similar cross—section.

The periosteum is a connective tissue which covers the outside
of bones, e,{cept at the artlcular surfaces, where it is replaced by ] the
artlcular hyal,ne cartllage. It has two 1ayers, an outside 1ayer of
collagenous fibers, and a deep layer which is osteogenic (that ie , capa-
ble of producing osteoblasts which may in turn develop into osteocytes).
Periosﬁeum is s‘uppliea with blood vessels and nerve branches. It is
extremely sensitive to injury, and from it originates most of the pain
of fractures, bone bruises, and "shin splints”. Tiny processes, simi-

lar to small roots, penetrate the bone fram the periosteum causing it to
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~ adhere to the outer surface of compact bone. Muscles are attached to

periosteum, not directly to the bone.

The endosteum is a similar comnective tissue which lines the
medullary cavity and Haversian canals, and covers trabeculae of spongy

bone. TIt, too, is osteogenic.

The primary function of red bone marrow is to manufacture» red
blood cells, although it also has osteogenic properties. At birth, red
marrow fills both the medullary cavities and the intra-trabecular :;paces
of all long bones. As spongy bone increases in amount with age, the red
marrow retreats to the intra-trabecular spaces, leaving the medullary
- cavity filled with fatty yellow marrow. Almost all the marrow in limb
hones is vellow hv the time of pubertv, and red marroé.7 normally is found

only in parts of the ribs, skull, stermum, and vertebrae.

THE SCIENCE OF KINESIOLOGY

A recent book by Rasch and Burke on Kinesiology and Applied

ghatomy (50) si:ates the science of Kinesiology, or body movement, com-
bines anatomy, physiology, and the science of body function and struc—

ture.

Aristotle is called the "Father of Kinesiology" because he was
the first to describe the actions of the muscles and to subject them to
mathematical analysis. Since Aristotle's day, many others have made

contributions to the discourse on movement. A paper by Xoch in 1917 on

The Iaws of Bone Architecture (50) const_ituted a classic contribution

to the mathematical analysis of stress and strain in bone. This author
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concluded: "(a) bones are conposed of compact and spongy ma;:erial s0
as to produce maximum strength with minimun material; and (b) bones are
designed in forms and structure to resist in the most economical way
the normal meximm compressive stresses of body weight." He reaséned
that muscle action was relatively unimportant in detennjhation of bone

‘structure and could be ignored.

Carey criticized Roch's theory of the unimportance of muscular
tension in bone formation and asserted that powerful back pressure vec—
tors due to muscular contration forces dominate the structure and

growth of bones (SQ) ,. 

Spacé' flight research problems have stimilated much additional
research in this field. The development of the eleci‘;ronic, stroboscope
prqmises greater insight into musculoskeletal movements. 'I‘his instru-
ment is capable of exposures as short as one-millionth of a second and
‘can recoﬁ:d in a series of. instantaneous photographs an entire sequence
of moverment. Advances in a related field--the science of aerodynamics——
has greatly increased knowledge of movement of objects in space through
investigations involving wind tunnels and other specialized research

tools and artificial environments.

-

On earthyﬂle human organism has waged a,_c-onstant war against
the forces of gravity. Any movement by an individual involves the
gravitational pull of thé earth. This force can either be against or
with the direction of the movemen;c‘. In considering function and struc-

ture relationships, the factor of gravity is a major one. The amount
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of work which the hcart mascle must pexrform at any time, regardless of
the effort being exerted ’by other parts of the body, depends ﬁpon the
relationship of the posture of the individual to the surface of the
earth. If the person is lying dovn rather than standing up, less ‘effort
is required to pump the blood. In moving ‘from a lying to a standing
position, circulatory adjustments must be made and the gravita{:ional

pull on the venous return brings about adaptive mechanisms.

The phenomenon of stress has received a great deal of attention.
The human organism attempts to adjust to any upset of the homeostatic

equilibrium of the body in such a way as to restore its balance.

Elton (35), in his experience with army trainees, states that
the femoral neck mav be involved in a stress reanti.oﬁ of auch a charac—
tej:_ that it may constitute a major threat to the integrity of the lower
extremity. The femoral shaft may also be involved in a stress reaction,
with the anterior pelvic area less frequently affected. This orthopedic
surgeon suggests that those who may be assigned to military training
" posts look for regional osteoporosis of a hip, or a foot, or a knee
area, which later may manifest itself roentgenologically by a line of
sclerosis at right angles to the cancellous trabeculation by a perios-

teal reaction, and at times by a frank bone fracture.
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BONE STUDTES WITH EXPERTMENTAL ANIVALS

Bone density studies have not been confined to human subjects.
Experimental animals have provided valuable data in this field. GCeiser
and Trueta (51) used 82 rabbits of both sexes from three to 12 months
of age in five series of experiments, conducted for the purpose of

studying bone rarefaction.

In the first ekperinent, involving 40 rabbité, partial incision
of the calcaneal tendon was made. The animals were killed at short in-
tervals in order to collec£ information on the successive changes taking
Aplace in the bones. The first changes vhich were visible in the bones
on a radiograph, took place one week after tenotomy. The changes con-

“sisted of an early fading of the fan of the trabeculae of the calcaneum.

'In the second experiment, 22 rabbits had their right hind leg
immobilized by means of a padded plaster extending from the toes to just
above the knee. The purpose of this experiment was to find the part
which simple immobilization might play in causing bone atrophy. The
immobilization in plaster—of-Paris caused changes similar to those ob-

tained from tenotomy.

In Experiment 3, in v)hich four ammals wefe used, ohé leg of
each animal was iirmobilized in plaster——of-—Paris as in the previous ex-
periment. In this case, a window was cut in the plaster over the calf
muscles just large enough to admit a fine electrode through which fara-
dic stimalation was applied twice déily in two animals and eight timess

daily in the other two animals. In the two animals stimulated twice
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daily, the effect did not differ markedly from the bone rarefaction’
shown in the animals in Experiment 2 who were J;mrnobilized without stimu-
lat;ion. In the two'animals with moré extensive stiﬁmlation, there was
very slight bone rareféction limited to the fan of trabeculae in the
_ tuber calcanei. After f_our weeks, bone rarefaction had increased scme-
what without rea&hing the severity of that observed in animals in the
former expermment imobi1ized for the same period. |
. Severe ntralm\a is considered as directly responsible fér causing
bone rarefaction by some investigators although these authors: stated
that they were not aware of any evidence to sﬁggest that it is not the
muscular inhibition after severe injuries affecting the bones, which
causes bone resorption. ‘As a result, another experiment was conducted.
In Experiment 5, the authors used 14 rabbits to study the effect of
fracture together with plaster hHmBilization. "In this phase of the
research, an mjury in the form of an osteotomy was combined ‘with irmo-
bilization. Foliowing the application of the fracture, the bone frag- .
ménts were stabilized by internal fixation with wire', after which the

linbs were immobilized with plaster.

In this case, the same rarefaction was 'observed in the radio-
graphs as when simple iﬁmbilization was inmposed, although the bong
rarefaction was somewhat more severe than after tenotomy. Collateral
angiographs exhibited a marked increase in vascularization, both in

Experiments 1 and 5.



52

In sumarizing the study, the authors stated that they succeeded
in causing rarefaction of the calcaneum of animals in five @cpérinents
soon after the bone was relieved from muscular compressing forces;. new
bone was generated when the calcaneun again was subjected to the étresses

and strains of muscle contraction.

In the calcaneum of the rabbit, the authors concluded that the
presence or absence of pressure forces is accountable for the balance

between bone formation and bone removal.

In these experiments, bone rarefaction was found to be charac-
terized by a great ‘increase in the vascularity of the bone. This in-
crease ceased when the bone reached its final low bone density. Thus,

rracrmlar ovar-activity accermanied the remnval oaf bone. whereaa hone re-—

construction was accompanied by a more localized increase in vascularity.

Lipschitz and Audova of Estonia (52) conducted a study of the
atrophy of muscle under different conditions, using the rabbit as the
experimental animal. These investigators concluded that sectioning of
the tendon Achilleé in rabbits caused atrophy of muscle which was ‘nearly
‘as great as that caused by nerve section. The atrophy was caused by the
- great decrease in work, i.e. by inactivity, according to these investi-

gators.

Karmosh.and Saville (53) used rabbits in a study of the motor.
denervation on mascle and bone in the hind limb. Unilateral motor de~
nervation of rabbit hind limbs was performed via hewilaminectomy. The

mascle weight and bone ash weight on the paralyzed side was expressed
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as a fraction of that on the control side. Total radioactivity as well

as specific activity ratios of bone ash were also determined.

Mascle and bone atrophy started MFediateiy, continued for 10
weeks and then stopped. Bone accretion did not change until sometime

between 10 days and four weeks when it increased by about 30 per cent.

The findings suggest that muscle atrophy leads to bone atrophy.
The mechanism of the latter is by increased bone resorption followed by

increased accretion until equilibrium'is reached and the atrophy stops.

Mc:A::_‘dlé {(54) studied thé metabolic stress of endurance swirming
in the laboratory rat. By means of closed circuit spirometry the oxygen
consmn;)tion of 17 traihed, male albino rats was determined under condi-
" u.uu:; uf resi aid swﬁmd.ng WL.L no weight and with loads cguivalent to
0.5, 1.0, 1.5, and 2.0 per cent of the body weight attached to the tailT
Upon completion of the exercise, recovery metabolism was recorded for
25 minutes. It was concluded: .(a) The exercise (;xygen consumption of
norweighted animals averaged 2.7 times the resting level. In animals
able to swim without a’gparent difficulty‘, this dncreased with the addi-
tion of weight to 3.5-fold at a load equivalent to 2.0 per cent body
weight; (b) With the addition of weicjht mahy animals had difficulty
sw:’ntning at the sﬁrface of the water. This difficulty was reflected in
a decreased aerobic _netabolism vhich actuallyyi was less than the average
of the nonweighted trials; (c) The oxygen consumption in milliliters

per kilogram per minute at rest and at all levels of exercise was nega-

- tively correlated with body weight; (d) The rate of recovery was
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dependent upon the preceding exercise stress; i.e., the heavier the

weight attached during swimming, the slower the recovery.

Williams, Méson, and McDonald (55) conducted a study on the rat
' :m which bone density meaéﬁrements were made throughout the life cycle
of this experimental animal. These authors concluded that a low bone
denisty index was accampanied by retarded growth and poor lactation. A
high bone density level, on the other hand, signifies an adequate cal-
cium status. The authors stai;.e, however, that the- findings could not

serve as a basis for establishing calcium requirements in human beings.

Williéms et al. (56) studied the influence of mineral intake on
bone density in humans and in rats. Theyi found that bone density levels
~F voamer liman adnlta showed variations which appeared to indicate the
calcium status of the individual. Mature rats showed nd siglﬁficant
changes in bone density, although a small and significant difference in
‘calcium content with increasing intakes ranging from 0.1 to 0.5 per

cent of calcium.

Young growing rats showed significant increases both in bone
density and body calcium with increased intake ranging from 0.1 to 0.5

per cent.

Iong term isolation stress in rats was studied by Hatch, Balazs,
Wiberg, and Grice (57). These investigators found that rats isolated
for long periods became nervous and aggressive, with caudal dexmtit;is
(s_caly tail). After 13 weeks of isolation, rats had heavier adrenals

and thyroid and lichtexr spleen and thymus compared with rats kept in



55

community cages. This indicates an endocrinopathy with hyperfunction

of the adrenal cortex.

Slack studied the metabolism of collagen in an investigation of
the nefabolisrﬁ of limbyatrophy in the rat. For purposes of the study,
. massive tissue atrophy 6f one hind limb was produced in rats by a tech-
nique of denefvatien and dislocation zof the hip, after which 1_abelled
glyci_ne was administered at varying periods of time. Under the condl-—
tions of the study, the metabolism of muscle pretein appeared to con-
tinue normally for at least 14 days after the injection of the isotope

and 14 weeks after the operation (58).

Mueller et al. (59) investigated the calcium metabolism and
v 1 ’ ” - ’
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Twenty-four pullets were fed a constant specific activity ration

for 26 days, after which an identical but Ca45~free ration was fed for
29 days. The specific activity of the egg shell calcium was used to '-
determine calcium balance and parameters of skeletal metabolism. Of the
‘calcium intake 78 per cent was absorbed, 8 per cent was excreted as en—
dogenous calcium and 70 per cent was retained. Shell formation caused
e significant increase in calcium retention and a shift of calcium from
apposition in bone and endogenous excretion to mobilization from bone
| and shell deposition. From 4.3 to 4.9 g of the skeletal calcium parti-
cipated in egg shell formation, of which 1 g was turned over da,iiy. The
size of the exchangeable bone calcium pool was related to the quantity

of shell 'produc_ed and was larger in pullets with a negative calcium
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balance than in pullets with a }?ositive balance The quah'tity of cal-
cium removed from the skeléton per day was positively correlatéd with
tlxé 'size of the exchangeable calcium pool, the quantity of calcium ab-
sorbed per day and shell mass. 'The correlation coefficient between the
specific acti\}ity of medullary bone and egg shell calcium was 0.845,

confirming the important role of medullary bone in shell formation.

Crandall (60) conducted an experiment on dogs, in which he
studied the effect of physical exercise on gastric secretion. He
found that after vigorous éxercis,e on a treadmill, —t.here was a rise of
20 + 4° degrees F. in rectal temperature. In the last two or three
hours' of the digestive period following exerci~sé, certain of the dogs
showed an increase in excretory rate to a point well above normal. He
cu&x(;sll,;ﬁ&} 'L’uai. s exoerinent confiméd the com*o* bclict ot hoowy
exercise before a meal interfered with digeétion, ﬁnddbbtedly causing

a redistribution of blocd, causing more to be shunted to the muscles

and ‘less to the viscera..

Mack et al. (61) studied the physiologic and metabolic changes
in Macaca nemistrina (pigtail monkeys) on two types of diets during
restraint and non-restraint with emphasis on bone density changes.- In
this 'investigation four groups of Macaca nemestrina were fed two diets
which differed in content of major nutrients, with Diet A higher in
protein and Diet B higher in fat, carbohydrate and major minerals.
Animals on each diet were held in restraint on couches for 35 days,
with exposure to a Biosatellite simulated reentry profile involving

~centrifugation at 12 G on the day that the restraint period ended.



57

 The right knee joints were immobilized by means of a wire ex-
tending from the mid-tibia .into the proximal femur behind the knee
joi.nt, with the wire threaded in such a manner that it remained within
‘the skinfold back of the knee. Twelve of the dogs either broke the
wire _of infection occurred, so that only 24 dogs completed the time-
controlled series. ILength of times of immobilization were: 1 1/2 weeks
for six dogé,‘ four weeks for three dogs, six to eight wéeks for eight

dogs, and nine to twelve weeks for seven dogs.-

At the end of each‘period ; the specified animals were sacri-
ficed. Quadriceps and patella tendons were dissected. Tissues from
.the normal control limb of each dog were pooled with others from the
same group. Ebcperinentally 'treated limbs were prepared in the same way.
Tissues were dried, defatted, ground, and stored dry until ready for
use. Mdcopolysaccharide extractions were made and aliquots were ana-
lyzed for hexosamines, uronic acid, sulfate and nitrogen. Unhydrolyzed
mucopolysaccharides and hydrolyzed specimens weie chromatographed for

hexosamines.

The results showed that, after four weeks of immobilization, a
significant loss of .nmcopolysaccharides had occurred and the loss per-
sisted throughout the remaining periods of 8 and 12 weeks. At the end
of 1 1/2 weeks, there was an increase in content of acid mucopolysac-
_charides attriluted to wound-healing from the threaded wire. From the
second week to the twelfth week there was a reduction in mucbpolysac—-

charides of 20 to 40 per cent.
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The period of restraint was followed by 35 days of reconditioning of the
formexrly restrained animals in cages, v}ith the same diets continued.

Two groups of unresfrained primai:es weré plaéed on the respective diets
and were kept in céges for 70 déys of the experiment except for exposure
to the reentry pﬁcofile on the same day that the restrained primates were
exposed. Bone mass was measured periodically in all primates by the
method of radiographic. bone dénsitorrefxy , with 17 anatomic sites in the
skeletal system evaluated. Bone density was improved significantly in
most skeletal sites when the diet containing the higher levels of cal-
cium and phosphorus was the sole experimental factor changed. Restraint
had the opposite effect, with loss in skeletal mass found in both di-
etary groups when t’nis factor was applied. The special diet had a
grciter,'ef‘_':.ect on i_“ﬁ;:ro*.'iig boné f.“-.e;ﬂ-s’ity durvineg t_he réconditi-_i“g

period which followed restraint than during the 'restraint period it-

self.

Gross et al. carried on an investigation of calcium, nitrogen,

- and phosphorus mobilization resulting from conditions of inactivity in
Macaca irus monkeys. In this experiment, calcilﬁn, phosphorus, and 3
nitrogen balance resulting from conditions of inactivity were studied.
The monkeys were inactivated by three different methods: surgical de-
nervation, plaster casts, and tranquiliz‘ation. The monkeys were piaced
in the plaster casts either in the sitting position or in the supine
position. Balance studies were conducted by measuring food intake and

urine and fecal output of calcium, nitrogen, and phosphorus. Calcium

was measured by flame photometry, and nitrogen and phosphorus were
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'measured colorimetrically. The animals inactivated by surgical denerva-—
“tion and plaster casts experienced what appeared to be a negative nitro-
gen balance vhich could be attributed to disuse a&ophy of skeletal
mscles. The urinary i)hosphorus excretion increased in the inactivated
animals by severalfold but’there. was no overall reduction 1n the total
phosphorus excreted. No noticeable changé‘s‘ in calcium balance Werey

observed in the inactivated animals (62).

Kaplan et al. (63) conducted an investigation of the evaluation
of animals cOntiﬁuouély exposed to a 5 psia pure oxygen space cabin at-
mosphere for eight months. The purpose of the study was to contribute
to the selection of atmospheric gases for space capsules. In the ex-
periment, 117 animals of four species were exposed continuously to a
pure oxvden atmosphere at 5 pgia total pressure for 235 days. Clinical
observation, serial blood chemistries, biochemical detenninat-ion of
hepatic cellular respiration, and histopathologic examinations revealed
no evidence of systemic oxygen toxicity. Light microscopy revealed
changes in the lungs of dogs and electron microscopy révealed changes -
in the lungs of dogs and rats that could be related to the oxygen expo-
sure. It is ﬁnclear whether these changes were the result of the pro-
longed exposure or of the sudden return to amfﬁent air prior to sacri-
fice. They were not associated with any ‘apparent pulmonary functional

deficit.

Akeson and IaViolette (64) have pointed out that immobilization
studies have neglected generally the consideration of connective tissue
atrophy, dealing mainly with bone mineral loss. These authors reported

on the connective tissue response to immobility in 36 dogs.
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Chor and Dolkart (65) conducted an immobilization study with six
young Macaca rhesus monkeys. Body and leg casts were applied in an at-
tez;zpt to reduce the activity of the gastrocnemius muscles, although it
was realized that "strét " was still possible as well as other tonic
-reflexes. The authors, _c;ifter histological and chemical anélyses of the

affected nmsqleé , came to the following conclusions:

(a) Disuse atrophy is a distinct entity and is
simple in character, as revea}ed by histologic findings.

(b) Disuse atrophy consists prMily of a uni-~ |
form reduction of the bulk of each muscle cell, espe-
cially of the sarcoplasm. It is not attended by any
evidence of degeﬁeration or attempts a£ regeneration.
Irritability to electrical stimuli remains unaffected.

(c) There is no alteration in tixe proportions
of water and nitrogen content.

(a) Simple disuse is not associated with any
demonstrable changes in the anterior horn cells of
origin of the respecti\.re nerve supply, and the atrophy
of the peripheral musculature due to disuse does not

result in such changes.

Harrison and Fraser (66), on the basis of experiments with the
diets of rats, concluded that pure calcium deficiency produces osteo-
porosis, or bone atréphy in rats while vitamin D’ deficiency as well as
calcium deficiency leads to osteamalacia, or thin bones with wide oste-

oid seams. The retention of a dose of strontium in the osteoporotic
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rats is greater than normal, and this indicates rapid bone formation.
The immediate cause of the bone thimming must therefore be an increase
in the rate of bone resorption, contrary to the classical concepts of

osteoporosis.

Osteoporosis has been defined as "too little bone". The preseht
experiments show, however, that osteoporosis may occur even when new

bone formation is proceeding at a rate greater than normal.

The mechanism for increased bone resorption in calcium-deficient
. rats is probably a dual one, mediated through the action of vitamin D
on the skeleton. \;itarnin D is known to increase bone resorption, and in
osteomalacia the serum calcium is raised. by this means, allowing calci~
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in rats by pure calecium deficiency, the combined action of vitamin D
and parathvroid hormone mobilizes the calcium stores already present in
the animal's skeleton, in-order to provide calcium for regions of rapid
skelétal growth. 'Ihus-. the skeleton shares its calcium store throughout
a progressively larger mass of bone during growth, and becomes progres-
sively thimmer. The increased parathyroid activity leads to the :r.apid
~ rate of bone for'mation; Hefe, again, there is presmnably increased re-
sorption éf bone due to incréased parathyroid actiﬁty, but in the ab-
sence of vitaim'.n D the parathyroid hormone may né:t be able‘ fo exert its
maximal effect, so that ﬁhe blood levels of calcium are not raised suf-
ficientiy to allow calcification of the osteoid seams. Tt is well known
that secondary hyperparathyroidism may’ accompany osteomalacia, both in

animals and man.



62

PLAN OF PROCEDURE

: This study is a component part of an extensive research program
conducted in the Nelda Childers Stark Laboratory for Humn Nutrition
Research bf the Texas Woman's University Research Institute, sponsorea
by the National Beronautics and Space Administration. As noted in the

INTRODUCTION of this Dissertation, the major purpose of this investiga-

tion has been to accumilate useful data on the value of programmed iso-
" metric and isotonic exercise on the maintenance of the integrity of

skelei:al mineral and related metabolic ‘factoré.
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Cooperatz:_ng in these studies were six hgalthy young adult male
university students. These young men were carefully selected after
passing extensive physical and psychologicai examinations. The follow-

i»ngi table gives the pertinent data on the subjects’ heights, and then

weight at the beginning and end of the study:

Weight
: (pounds) Height
- -Subject Age Initial Final (inches)
AR 25 152.50 147.00 $70.25
BB 22 152.00 149.50 72.00
EE 22 181.00 176.25 74.50
FF 20 155.00 149.00 69.50
e 24 170.00 164.75 70.25
HH 21 ©170.00 165.50 - 69.00
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GENERAL PROCEDURE USED IN THE STUDY

| Throughout thé ‘entire study , the subjects were housed and fed in
the metabolic ward of the Nelda Childers Stark Labbratory for Human Nu-
trition Research at the Texas Woman's University Research Institute.
,'S..pecially trained dietitians planned and supervised the preparation of
thé'neals which were optimm in all major nutrients. The daily food
- intake of each subject was recorded throughout the study by individual
foods. |

This study was conducted under close medical supervision. A
record was made of 'héight and weight changes throughout the study. Male

' order’lies’ attended to the hygienic needs of the subjécts during immo-
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" 'PERTODS "OF "THE "STUDY

This study consisted of two bed rest periods accompanied by

ambulatory periods as follows:

Equilibration Period, 29 days, June 3 —- July 3, 1968

Bed Rest Number I, 28 days, July 3 - July 30, 1968

- Interim Ambulatory Period , 14 days, July 31 - August 14,
1968 |

Bed Rest Number II, 28 days, August 14 - September 11, 1968

Post-Bed Rest Period, 14 days, September 11 - September 24,

1968
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EQUILIBRATION PERTOD

‘ This period lasted for 29 days. The six subjects led a normal
life while engaged at various tasks in the léboratory , together with
.node‘r.ate exercise, for eight hours each day. They were required to be
in bed at 10:30, with the ligﬁts out and the bed cubicles darkened from

11:00 P.M. until 7:00 A.M.

BED REST PERIOD NUMBER I

During this phase of the study, the subjects were immobilized
for a period of 28 days. Throughout immobilization, the’men assuned a
horizontal position on a single bed equipped with one pillow. They
were encouraged not to lift their heads, althouch very limited mvenen£
of the arms and legs was allowed. Reading was done with the aid of
glasses equipped with prismatic lenses, and television was watched on
hospital type television sets. During this period of immobilization,
trained male orderlies were preéent around«the—clock to attend to the
hygienic needs of the subjects and to safequard their movement. Each
subject was spoon fed by one of the three dietitians, with a record

kept by weight and measure of their indi-vidual daily food consumption.

INTERTM AMBUTATORY PERIOD

During this l4v—day period of ambulation, t;.he six sﬁbjects en—-
gaged in compulsory phys:Lcal actlvrcy They worked in the laboratory
during the perlods when they were not engaged in a phy51cal exercise
program. Meals were consumed in the metabolic ward under the super-

vision of the dietitians.
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BED MST PERTOD NUMBER IT

The variable in this 28*day bed rest was the introduction of an
exercise program using the Exer-Genie and Exer-Grip Exercisers. Mea—
surements of \foot and hand action, squeeze, énd isometrics were made
_ with the Lufkin Anthropqmtric (woven) Tape with a Gurlick Spring At-
.taclrmpent (31761\@) The measurements of hand and foot actlon were
started on the second day of mmoblllzatlon, whlle the squeeze exercise
was introduced on the third day and isametrics were begun on the fourth
day of immobilization. Subjects AA, EE, and GG were allowed to exer-
cise at will, while Subjects BB, FF, and HH exercised féur times daily

according to a firm schedule which was closely supervised.

Each desired exercise period called for by the "At Will" group
also was supervised and conducted in the standard manner; but this

,
group did not exercise unless they desired to do so.

"POST-BED REST PERIOD

This final period of the study lasted for 14 days. During this
time, the subjects engaged in supervised physical activity as much as
their physical condition permitted. They also performed limited duties
in the laboratory whene\‘zer they were not’ exercising. They re¥—entefed

the university at the beginning of the 1968-69 term.

DIETARY PLAN

Menus were planned so as to yield 2,600 calories per day, 90-100
grams of protein, 280 grams of carbohydrate, 120 grams of fat, 18-20

milligrams of irxon, 10,000 I.U. of vitamin A equivalency, 400 I.U. of
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vitamin D, 100-150 milligrams of ascorbic acid, and minima of 1.6 milli-
grams of thiamine, 1.8 milligrams of riboflavin, and 21 milligrams of
niacin. A minimm of 250 milligrams of magnesium was supplied daily.
The meals were planned to fall in a four-day rotation cycle. All food
items were analyzed chemically for calcium and phosphorus, with energy

and other nutrients calculated from recently published tables.

During anﬂpulation and bed rest, the food items were placed on
individual dishes for the respective subjects after being recorded ac~
cording to weight. Rejected food, which was minimal in amount, was

weighed and placed in the day's record for the subject involved.

During the ambulatory periods, the subjects ate as a groﬁp at a
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During a bed rest period they were spoon fed in a supine position in bed

by one of the dietitians, as noted.

Because another member of the research team was carrying on a
study to determine various aspects of calcium metabolism on the same
subjects, 47calcium was administered during the first day of each of
the two bed rest periods in order to find how rapidly the radioactive
calcium would reach the serum, and the urine. The administration of
this entity, which was incorporated into the milk fed during the morning
of the first day of each bed rest, was not thought to have, any effect on

the results of the study reported in this dissertation.
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FXFRCISE PROGRAM

: During the second of the two 28-day bed rest periods, the exer-
cise program was initiated. The girth of limbs (left and right both
.for‘arrns and legs) and trunk measurements we;‘ce accomplished by the use
of a Lufkin Anthropometric Tape with a Gurlick Spring Attachment, as
noted. Anatomical skin surfaces were marked, using a laundry pen, to
insﬁire sﬁ.bséquént measurenents belng méidé at thé sarve sites. Thése

measurements were repeated each five days during Bed Rest Number II.

Because the Exer-Genie was selected as an exercise device to
place aboard the spacecrafts for the Apollo VITI and the Apollo VIII
missions, it was suggeéted by scientists at the Manned Spacecraft
Center, National Aeronau‘tics and Space Administration that this exer-
Acise-e instrument be used in this bed rest study in preparation for these
missions. In addition, the Exer-Grip, a hand sé;ueezing exercise device
. Ehosen to study the specific effect of exercise in causing the phalan—
ges and wrist bones to resist reduction in bone density during recum-

bency, also was used.

’

By the use of volun-teers frcm the work force of the Labora-

, tories, a number of trials weie made on the Exer-Genie to find desir-
able settings for the Exer—genie cylinder. In Summary A, data were
obtained fréxn the use of this exercise instrument with the cylihder set
at 3.0 pounds. The resuits are’ gix.fen in terms-of : (a) initial and final
tempe;rature readings of the cyli.rfie‘r of the instrument; (b) resting
blood pressure and final blood pressure of the volunteer who functioned

in this case (Subject 2); and (c) resting pulse rate and final pulse
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‘rafe of the subject undergoing the test.
 This test was run for six minutes at 60 strokes per‘ minute.

Wies B and C give the same types of data with Exer-Genie
cyiizﬁer settings of 6.0 and 8.0 pounds, respectively. Many othex.; tests
were made w:Lth dlfferent subjects, w:Lth settlngs of 3 0, 6.0, 8.0, 10.0,
and 12 0 pounds Slmmarles A, B, and c, which are representatlve, show
the response of subjects with different mltlalv levels of blood pres- '

sure and pulse rate to different cylinder settings of the exerciser.

The trials mentioned above showed that periods of reét were
essential if the exercise program decided upon was to be successful.
Summaries D and E show two of the many trials which were made in which
. :the -rest periods and isometric exercise were interspersed with the

isotonic leg exercise.

Summary F outlines the Final Exercise Program whlch was selected
for use ih‘the inveétigation frpm the many trials which were run. The
Summary shows that four brief rest periods were provided, that isometric
-exer(:'lse vnth the Ebcer—Gerue strap pulled up to the chest, followed by
body stretch:.ng vas included at three po:Lnts, that hand exerc:Lse using
the.Hand Gripper was inserted at two points, and that isotonic leg exer-
cise was followed for two \periods, for a longer time than for any other

activity.

In carrying out this program, the cylinder of the Exer-Genie was
set at 8 pounds the Met:conome used for Leeplng time for the leg exer-

cise strokes was set at one beat per secornd, with the entire routine
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4.00 P.M. by those who exercised regularly. Those who exercised "at

. will"™ called for the exercise whenever they chose to follow it , but
they were required to run through the entire routine under superv151on
- each time they chose to function. Figure 1 shows one of the subjects
using the Ebcer—c-enle in an isotonic phase of the program when the feet

were being exercised while he was in a supine position.

SUMMARY A )

DATA ON TEMPERATURE OF CYLINDER ATTACHED TO THE EXERCISER (THE

EXER-GENIE) WHEN IT WAS SET AT 3 POUNDS IN THE ROUTINE AS

OUTLINED, TOGETHER WITH THE BLOOD PRESSURE AND HEART RATE

VAL VAP AN L3300 IR LALL £

1. Resting Blood Pressure of Subject . . « . . . 78/120
2. Resting Pulse Rate'of Subject . . . . . . . . ~ 70/minute
3.. Initial Temperature of Cylinder . . . . . . . 25°¢C - 77° F.

After 6 minutes of exercise at one
stroke per second, temperature

OF cylinder .« « v v o v v oo oo .. 0 130% C- 266° F.

Continue with exercise for 4 additional
- minutes then:

4. Final BlOQi PreSSllre : LI S L I I I e e & 150/65

5. Final Pulse RAte . o o v v v o 0 o 4 o o o . 116/minute

6. Final Temperature of Cylinder . . . . ... . . 1400 C ~ 2840 F,
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- SUMMARY B

DATA ON TEMPERATURE OF CYLINDER ATTACHED TO THE EXERCISER (THE

| EXER-GENIE) WHEN IT WAS SET AT 6 POUNDS IN THE ROUTINE AS

OUTLINED, TOGETHER WITH THE BLOOD PRESSURE AND HEART RATE

OF VOLUNTEER SUBJECT F

Resting Blood Pressure of Subject « « ¢« « o % & 120/78

Resting Pulse Rate of Subject « « o « + « » » « _ 72/minute

Initial Temperature of Cylinder . . . . . . .. :125°C-77°F.

LALLCL U MLLLIULED WL TATILALALDT At Ly

strokes per minute, temperature

. Of Cy}_inder « e e & . ‘e e & & e e

e . . 95°C - 203° F.
Continue with exercise for 4 additional
minutes then:

Final Blood PreSSUre€ . « o« « o « o o o« « « o o 135/65

le Pu]-se Rate . - e - . . L e e e . . e . Vl ..... 126/]nj—rlute

Final Temperature of Cylinder . . . . . . . « . 1159 C - 2399 F,
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SUMMARY C

DATA ON TEMPERATURE OF CYLINDER ATTACHED TO THE EXERCTSER (THE

EXER-GENTE) WHEN IT WAS SET AT 8 POUNDS IN THE ROUTINE AS

OU'II.INED, TOGETHER WITH THE BIOOD PRESSURE AND HEART RATE

OF VOLUNTEER SUBJECT E

Resting Blood Pressure of Subject s o« « o

Resting Pulse Rate of Subject . . « « « . . v' .

Initial Temperature of Cyiinder « s s i e
After ¢ minutes of exercise ai 50

strokes per minute, temperature

of cylinder « v ¢ v o v ¢ 4 o @ 0 4 e
Continue with exercise for 4 additional

minutes then: ;
FhalBl@Hesswe e e e e e e e e e
FinalPulsePate e ae e e e e .

Final Temperature of Cylinder e e

- -110/74

70 /minute

25°:¢c - 77° F.

100° ¢ - 212° F.

© 142/70

100 /minute -

~125° ¢ - 257° B,




SUMMARY D

DATA ON TEMPERATURE OF CYLINDER ATTACHED TO THE EXERCISER (THE
EXER-GENTE) WHEN IT WAS SET AT 6 POUNDS IN THE ROULINE AS
OUTLINED, TOGETHER WITH THE BLOOD PRESSURE AND HEART RATE
OF VODUNTEER SUBJECT H

1. Resting blood pressure of subject . . . . . . " 120/82

2. Resting pulée rate of subject + + « + . ¢ o« " 74/minute

3. Initial temperature of EXER-GENIE cylinder . 250 ¢ - 77° F.

TEN SECOMDS OF ISOMETRIC EXERCISE

FOLIOWED BY SIX MINUTES OF LEG 'EXERCISE

AT ONE STROXE PER SECOND

T (Setting of Exer-Genie pounds) 6 pounds resistance

4. Blood pressure of subject . . . .+ . . . . . 160/70

5. Pulse rate Of SUBJECE + & v v v o v v v o u . 118/minute

6. Cylinder temperature of EXER-GENIE . . . « & 125° ¢ -~ 257° F.

l"l’l'.ﬂ’\...?\f TMT YI'TL'." DRCmMm

PN

7. Blood pressure of subject « « « o v o . . o o 115/70

8. Pulse rate of subject « » « « » « « o i« . . " 80/minute

9. Cylinder temperature of EXFR-GENIE . . . . . 85° ¢ - 185° F.

-TE'N SECONDS OF ISOMETRIC EXE‘.RCISF (NO INTERL’IEDIATE
REST PERIOD) FOLLOWED BY SIX MINUTES ( OF LEG. EXER—~
CISE, ONE STROKE PER SECOND

10. Blood pressure of subject . . . . . . . . e .« . 140/65
11. Pulse rate of subJeCt « « o v « 4 o 4 4+ o . 100/minute
12. Cylinder temperature of EXER-GENIE . . . . . 1450 C - 293° F,

TEN SECONDS OF ISOMETRIC EXERCISE (NO INTERMEDIATE
. REST PERIOD) FOLIOWED BY SIX MINUTES OF LEG EXER-
CISE AT ONE STROKE PER SECOND

13. Blood pressure of subject . . ; s e e s e e 130/60

14, Pulserateof subject . . . . « ¢ ... .. 86/minute

15. Cylinder temperatﬁre of EXER-GENIE . . . . . 70° C - 158° F.
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SUMMARY E

DATA ON TEMPERATURE OF CYLINDER ATTACHED TO THE EXERCISER (THE

EXER-GENIE) WHEN IT WAS SET AT 6 POUNDS IN THE ROUTINE AS
OUTLINED, TOGET:IER WITH THE BLOOD PRESSURE AND HEART RATE
OF VOLU’\ITEEP SUBJECT G

1. Resting blood‘pressure of subject « « « . . . ~120/80
2, Resting pulse rate of subject . . . . . . . . 45 /minute
3. Initial temperature of EXFR-GENIE cyllnder . - 25° ¢ - 7P F.

TEN SECONDS OF ISOMETRIC EXERCISE
FOLLOWED BY SIX MINUTES OF LiG FXERCISE
AT ONE STROKE PER SECOND
(Setting of Exer-genie pounds) - 6 pounds of resistance

4. Blood pressure of subject '« o 4 e e e e e e o "1130/65

5. Pulserateof subject « « v ¢ ¢ ¢« ¢« &« « & o « . 72/minute

6. Cylinder temperature of EXER-GENIE . . . . . - 1109 C = 230° F.

TWO-MINUTE REST

7. Blood pressure of SUbJeCt . . . . . o o o . < 120/55
8. Pulserateof subject + ¢« v ¢ ¢ ¢ ¢« ¢ 4 0 0 51/minute
9. Cylinder temperature of EXER-GENIE . . . . . ~° 70° C - 158° F.

TEN SECONDS OF ISOMETRIC EXERCISE (NO INTERMEDIATE
REST PERIOD) FOLLOWED BY SIX MINUTES ( OI‘ LEG EXER~
CISE, ONE STROKE PER SECOND

10. Blood pressure of subject « &« ¢ ¢« o ¢« o & o & 130/62
11, Pulserateof subject . &« &« « ¢ ¢ v ¢« ¢« ¢« « .  61/minute
12. Cylinder temperature of EXER-GENIE . . . . . 950 ¢ - 203° F.

TEN SECONDS O‘z‘ TSOMETRIC EXERCISE (NO INTERMEDIATE
" REST PERIOD) FOLLO«TD BY SIX MINUTES OF LEG EXER-
CIisE AT ONE STROKE PER SECOND '

13. Blood pressure of subject « ¢ v ¢« ¢ « o o « & 125/65 -

14. Pulee_rate of subject . . . . . . . e e e 60/minute

15. Cylinder temperature of EXER-GENIE . . . . . 950 ¢ - 203° F,
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Instrurents erployed: Exer—Cenie and Hand Gripper;

Setting of Exer-Genie duriﬁg bed fest, 8 pounds;

SUMMARY F

FXERCISE PROGRAM FOLLOWFD IN BED REST IT

OF THIS INVESTIGATION

Position of bed rest subjects throughout the study, including the

exercise period:

recunbent and lying on the back;

Steps in the Exercise Program:

1.

10.
11.

S 12,

Isometric exercise with strap of Exer-
Genie pulled up to the chest, with
subject stretching . « + « « « « &

leg exercise (Exer¥Genie) e e .
Rest . v o 0 v 0 v oo 0 0 o
Hand ~ Fingers squeezing gripper
RESE 4 v e v o e e e e e e
Isometric exercise (Fxer—-Genie)
Arm exercise (Exer—CGenie) . . .
RESt @ v @ o o o ¢ o ¢ o o s @
Hand - Fingers squeezing gripper
Rest v v ¢ ¢ ¢ v v o ; . . e
Isometric exercise (Exer-Genie)

leg exercise (Exer-Genie) . . .

-

subjects in horizontal position, completely

Time

10 seconds
6 minutes
2 minutes
1 minute
2 ninutes

10 seconds
6 minutes

2 minutes

- 1 minute

2 minutes

10 seconds:

6 minutes

Total isometric exercise . . .

Total isotonic exercise . . . .

30 seconds

20 minutes




Figure 1. METHOD OF USING THE EXER-GENIE

I ISOTONIC EXERCISE INVOLVING THE FEET
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COLLATERAL CHEMICAL TESTS

Chemical tests were made on foéd, blood, urine and feces on the
subjects of the study by members of the laboratory team. Each separate
item of food was analyzed for calcium and phosphorus-throughout, with
. the author of this report responsible in part for this contribution.
lglood was analyzéd once Weeklﬁ; by laboratory staff me;rbers as a measure
of nutrition statﬁs. The anélysés included in this partr of the overall
study included total protein, albumin, calcium, phosphorus, vitamin A

equivalency, ascorbic acid, thiamine, riboflavin, and niacin.

In addition, analyses in a Beckman liquid scintillator were made
by Marcia Clifton and her director, Dr. Elsa A. Dozier, for radio-active
cal¢ium fed in milk on the first day of each bed rest of this series,
and non-radiocactive calclum was analyzed by Uorothy van Zandt and her
directors, Dr. Ralph Pyke and Walter Gilchrist. t The calcium excretions
in urine and feces were compared in this report with the bone density
changes during bed rest. Urinary analyses were made also for creatine,
creatinine, l7~hydroxyoorticosteroids, and hydroxyproline by other in-

vestigators who were working on the same subjects at the same time.

Chemical analyses on all éonponents of the urine which were con-
sidered were made on pooled collections enaing, respectively, at 8 A.M.,
12 noon, and 8 P.M. Excellent circadian rhythms were derived from many
of the urinary components for which analyses were made, especially cal-

cium.
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PONE DENSITOMETRY MEASUREMENTS -

Methodology Erployed. The method of -neasuring bone’ éensity
in thls study was the roentgenographlc technique used at the Texas |
Woman's University, which had been developed by Mack and assoc:Lates.
The history of the method recently has been ocutlined in some detail

kb,y Mack (67).

The two earliest publications on this subject have been de-
scribed by Mack and Smith (68) in 1938, and by Mack, Smith, Logan,
O'Brien,.and Bauman (69) in 1939. The earliest .,cdn'prehensive reports
in vhich th.LS method of skeletal densitometry waé applied to popula-
tioﬁ, groups were published by Iowther, Mack, et al. (70) in 1940, be
pavas Mack ot a1 (711, alen in 1940. hv Mack. Smith. Togan. and

O'Brien (72) in 1942, and by Mack and Urbach (73) also in 1942,

- Introductions of step-by-step automation into the equipment
have been described by Brown. (74), by Mack (75) (76), by Mack, Brown,
and Trapp (77), by Mack, Vose, and Nelson (78) , by Nelson, Mack, and

Vose (79), and by Vogt, Meharg, and Mack (80).

Descriptions of the bone density changes in the foot, hand,
wrist, and distal radius and ulna during Gemini IV, V, and VII missions
have been reported by Mack, Vose, Vogt, and LaChance (81) .(82) (83), by

Mack, IaChance, Vose, and Vogt (4), and by Mack and LaChance (1).

‘Descriptions of bone density changes during the missions of -
Apollo VII and VIII have been described by Mack, Vogt, Gilchrist, and

Stover (5).
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Densitometer Assembly. Figure 2 illustrates a section of the

densitometer assembly employed at the Texas VWoman's University in scan-
ning the various sections of the bones x-rayed in this study. This
-portion of the assembly consists of an analogue computer system, the

portions of which are outlined in the caption of this figure.

The sequence of operations needed to achieve calibration of a
density curve and to integrate the area under the curve of a bone on

the same radiograph using this assembly follows:

(a) The wedge roenﬁgenographic image first is scanned for the
purpose of providing the density calibration curve of that film on the

-first recorder. The scanning unit consists of an optical system, a

LUNS, U SOMI Y Spi Y o Daaleom mamatamand con Emnn Elam AwT wden e e . T B s [E Y =2 P
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for the réoorder. “Ihe optical system includes a special tungsten lamp
with plane optically polished windows, powered from a highly stabilized
power pack having a constancy of output with 0.1 per cent for a-c line
voltages between 100-125 volts at frequencies between 55 and 65 gycles.
The beam from this lamp is focused on a photocell after passing through
the x-ray plate being scanned. The film is mounted on the plate stage
that is supported b}j ball-hearing rolleré on a carriage rod, all accu-

rately machined to very close tolerance.

A scele, mounted on the scanning unit and calibrated in milli-
fneters, sub-divided by a vernier, indicates plate travel, and enables
the operator to scan a nunber of precisely equal segments of the Film

trace. This scale also permits the operator to retrace exactly the
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same length of film on repeated scans, and serves as the guide for inte-

grating the equal trace segments.

The plate travel is synchronized with recordlng chart travel to
insure that quantltatlve measurements of density can be produced and
reproduced accurately. ‘A precision d-c amplifier with stabilized zero
and stabilized gain multiplies the minute current from the photoceli to

a value measurable by a self-balancing potentiometer recorder.

(b) The first recorder consists of a Speedomax Type G self-
balancing functioning Recorder having adjustable zero, adjustable span,
and a full scale balancing speed of less than one second. This recorder

indicates continucusly the magnitude of the axrplifiéd photocell current

- . I VO G SUNANE T R, A vn-t_-k -‘—1’\’\ ﬁm'\hv\ﬂnr\' \1’«\14‘
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plate travel.

A major feature of the complete assewbly consists of a special
d-c¢ retransmitting slidewire mounted in this Speedomax SelF"Balancmg
Potentiometer Recorder, with a moving contact on this slidewire driven
in synchronism with the recording pen in an indicating pointer. This
retransmitting slidewire is divided very precisely into 20 equal seg-
n‘ents, each‘segnent being shunted by an adjustéble ten-turn potenti-
oreter. An adjustable d-c¢ voltage is impressed across the total siide-—
wire; and thé output of the slidewire is characterized by adjusting the
‘potentiometer dials to provide ’é calibrated output from this slidéwire

from the trace of the reference wedge.



80

(c) The uncorrected vedge trace on the first recorder is scaled
by the operator in the analogue system at 20 equal intervals, using a
special transparent rule calibrated to provide direct setability of a
caiibration féctor on the one thousand division dials of the 20 potenti-

onmeters.

Since the scale of the first recorder is determined by the per
cent of transmitted light, and the calibrating retransmitting slidewire
corrects the scale of the second recorder to standard wedge densify,
producing a straight line trace of thé calibration wedge in conformity
with the wedge slope, the x-~ray absorption as indicated by its densi-
tometer trace on the second recorder is related directly to the x-ray

absorption of the standard wedge.

The second recorder receives, displays, and records the signal
from the special calibrating retransmitting slidewire which serves as é
function transformer, providing a line graph of the reference wedge and
a calibrated density trace of the bone sample. Its graph also is syn-

chronized with the autcmatic scanning.

Finally, a retransmitting potentiometer is driven from ‘the out-
put shaft of this second recorder and actuates an Instron electronic
integrator vhich is located in the base of this unit. The Integrator
provides a digital readout proportional to the area under the calibrated
.densitometer tr.ace of the bone section which has been scanned on the

second recorder.
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The TWU bone densitometric system had the addition of a small
digital computer to the analogue system about three years ago. The
revised instrumentation is shown in Figure 3. This has been cited

above (80).

The light transmission data from the film, in the form of a
voltage functional with per cent li¢ht transmission, are measured with
the same modified Knorr-Albers Microphotometer as described above,
except for the fact that the vacuum tube DC amplifier originally used
" in the unit has been replaced with a éolid—state-anplifier and power:-
supply to provide additional stability. The film is held in the motor-
driven assembly that traverses a light beam as described previously.

4 In the analoque svstem, analogue computer techniques employing adjust-
abie function potentivueiers are utilized to calivcate the light-
transmission in terms of wedge-thickness for each film. Calibrated
data from subsequent bone scans then were integrated by means of the
electromechanical (Instron) integrator, as described. These systems
required that several step-by-step adjustments and calibrations be

performed by an operator.

In the new .assembly.,‘ the output of the scanning unit is con-
| nected through an amplifier (Astrodata Model 885) to a small digital
computer (a Digital Equipment Computation PDP-8 -‘supplied by the Kaman
Company) . An analog-to-digital (A/D) converter formats the data for
direct processing by the computer,’ and the computer samples the data
at specific intervals of time. Programming and operating control is

effected through a teletypewriter unit (TTY) that includes a paper—-type
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input/output (I1/0) feature.

The computer has been implemented to perform computations simi-
iar to the functions performed by the previous analog system. First,
the weage image is scanned and the resulting.light t:cansmiséion data
are stored in terms of distance along (or thickness of) the wedge.
Second, the bone image is scanned and the resulting iight transmission
 data are stored. After both the wedge and bone scans have been com-
pleted, the computer calibrates the stored bone scan data in terms of
equivalent wedge thickness by using t};e stored wedge scan data. The
caiibrated bone data then are integrated along the scan by using a

trapezoidal approximation ihtegration formuala.
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in providing an automatic. means for calibrating the film in terms of
the light transmission of the aluninum alloy wedge, the roentgenogram
of which is taken simultaneously with the roentgenogram of the bone of

interest.

The previé;ls system has been evalﬁateé in éxtensive aetail.
The present technique also has been evaluated to show the reproduci-
bility of successive scans. The results have been compared with the
output of the analog system, with the finding that the anglog and
digital systemé provide essentially the same results. The digital
technique, howéver P ‘offers a more rapid procedure for analyzing the
films; and it reduces the technical error that could be introduced by

the operétor in measuring the heights of the uncorrected initial wedge
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trace at 20 points and adjusting the corres'pondin;; potenticmeters. The
analogue system is used at freguent intervals for comparative calibra-
tion purposes. |

‘Exposure of Roentgenograms. In the study described in this re-

port, roentgenbgrams were made of the experimental subjects approxi-

mately every—other day during the ambulatory periods, and daily while
the subjects were at bed rest, with very few exceptipns. The foot and
hand constituted the parts of the anatomy of which roentgenograms were
made, as had been done in studies witl& the astronauts. The left foot

was exposed in lateral and the left hand in posterior-anterior aspect.

Each exposure had a radiation level of 167+2 milliroentgens, a

. . e
VC.L_Y AALLENSL.  CRUBIULL L.

Calibrai-:ion' of exposed films is effectuated by placing an alumi-
nmum alloy reference wedge on each film adjacent to thé bone to be evalu-—
ated. The alloy in the wedgé was selected because it exhibited an x-ray
absorption coefficient similar to that of bone .’ The wedge serves as a
means of correctiné any bone scan which is traced by first correctihg
the trace of the wedge for deviations resulting from slight differences
in film characteristics or development techniques, as has been described
abofre. While being x-rayed, the subject is covered except for the part
of the being x-rayed with lead impregnated vinyl sheeting. See Figures
4 and 5. |
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Figure 2. Analogue Computer Assenbly. The equipment consists of

five major sub-assermblies, all designed to operate together as

a comletely integrated system. The basic units of the overall

assembly were the following.

§ -

(a)

®)

(c)
@)

(e)

£~

A modified Knorr-Albers scanning unit (unit at right of
the figure); '

A Speedomax Model G transmitting recorder (unit in cen-
ter of the figure);

A series of 20 potentiometers in the same panel as (b);

A Speedomax Model G recording potentiometer (unit at
left of the figure), and

2n Instron Integrator (unit in the panel under Unit d).
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Figure 3. Digital-Analogue Computer Assembly. This is the bone densi-
tameter éssembly used in scamning sections of bone radiographs in |
order to evaluate their density in the Apollo VII tests. At the
‘extreme right is the densitometer through which the calibration
wedge is scanned by means of a standard light beam, after which the
bohe séction to be néasﬁred is scar;neé. 'I“fze two cerfcral sections _
are a parE ot" the analogue computer assembly. At the extreme left
is the digital computer, by means of which the test is programmed
so that the density of the bone section is obtained without manual

wo\r}:'on the two central recorders. The entire analogue assembly ‘is

used only periodically for calibration purposes.
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Anatomic Sites Investigated. The anatomic sites in the foot at

which bone sections are evaluated for skeletal density by meané of the
digital computer assembly which has been described include a single scan
.of the os calcis forming a section called: “the conventlonal os calcis
section" by those in the laboratory. In addition, parallel scans 1.0
nmillimeter from center to center of the scan are made above the central
'sdan as far»aé there Wasbno overlapping of other bones, and below to the
bottom of this bone. These multiple scans cover approximately 60 peri
cent of the os caleis, or palcaneum. In addition, a ceniral section of

the talus is scanned.

Figure 6 shows the scans of the central sections of the os cal-
cis and of the talus. Figure 7 shows a positive view of the os calcis

B o -9 B B R B I ey X g Y- P P I RS R )
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in the proximal direction where overlapping of other bones begins to

the bottom of fhe bone.

In the hana, crosswise multiple sections of hand phalanges 4-2
and 5-2 (Figure 8) cover these two bones entirely, with a single diago-
nal section evaluated across the capitate, and single scans across the
distal ends of the radius and ulna. These sections give an indication
of the skeletal density of the fingers, the wiist and the distal ends

of two long bones in the arm.

Cancellous or trabecular tissue is represented in a major area
of the os calcis and in the centrai portion of hand phalanx 4-2 and |
phalanx 5-2. Cortical or compact tissue is present in the perimeter of
all of the individual bones, ana is found in generous amounts in the

distal end of the os calcis.
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Figure 4. X=ray technologist' vositioning subject for exposing

standard radiograph of os calcis
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Figure 6. IATERAL ROENTGENOGRAM OF FOOT, INDICATING
THE "CONVENTIONAL" SCANNING PATH OF THE CENTRAL
0S CALCIS AND THE SCANNING SECTION

OF THE CENTRAIL TALUS
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Figure 7. ROENTCGENOGRAM OF FOOT IN LATERAL PROJECITON
SHOWING THE ALIGNMENT OF PARALLEL SCANS COVERING

APPROXIMATELY 60 PER CENT OF THE OS CALCIS
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Figure 8. ROENTGENOGRAM OF THE HAND TN POSTEROANTERIOR
PROJECTION, INDICATING PARALLEL SCANS WHICH COVER
EAND PHALANGES 4-2 BND 5-2, AS WEIL AS SINGLE
| SCANS FOR SECTIONS ACROSS THE DISTAL FNDS

OF THE RADIUS AND OF THE ULNA

91
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- Standardization of Radiocraphs. Early in the period of work in
this laboratory, a phan’(:om was used to; flnd whether or not«ran;:lomly se~
lected films in each new box purchased gave standard results, or whether
poss:z'.blé manufacturing changes in processing may have resulted in dif-
ferences in film spectral sens:.t1v1ty or speed. This sysLem has been
contlnued Kodak T.YP\« Industrial Film 2A placed in cardboard holders
" is used for X-raying appendageq Preventlon of va:rlatlons in develop—

" mental technique have been studied extensively in these laboratories,
with the finding that the éoncentrations of developing and fixj_ng solu-
tions change constantly with usage. Therefore, all films are hand de-
veioped in constant temperature equipment at 68+2°F., with one set of .
films, not to excééd 20 in number, developed at one time in new process—-'
1 noy anld ni‘;'nﬁc; aftor whirh tha enlutisne :x'vcx Al crardad. Ths Acrs? e

and fixing times are regulated by stop clock. E

' ‘Standardization of X-ray Machines.’ Because different x-ray

units must be employed in some cases in some series of films, as for
example in the Gemini astronaut series, the units must be calibrated
and the conditions of exposure standardized. The method of calj_brai;ion

has been described in detail by Mack, LaChance, Vose, and Vogt (4).

Standardization of ‘Radiogi:aphs by the National Bureau of Stan-

dards. Because "in house" standardization of radiographs has been
regarded as important so that sequential films of one series produced in
this laboratory may be corpared with each other, ‘work has been done co-
operatively with the bata Corporation of Dayton; Ohio, to have une%posed

and exposed x-ray films standardized by the National Bureau of Standards.
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PRESENTATION OF DATA

TOTAL TIME OF EXERCISING }_3_Y_ EXPERTMENTAL SUBJECTS

As noted, “the time consumed during the four daily periods set

* aside for exercising was recordéd by stopwatch. The time consumed in
minutes by the three subjects who exerciséd regularly (Subjects BB, FF,
and FH) are (jiven in Table I, Parts A, B, and C. The corresponding.
data for those who exercised "at will" appear in Table II, Parts A, B,
and C.

Subject BB exercised for 2,194 minutes during the entire 28
days of Bed Rest IT, when the exercise program was followed four times
. daily, except for the first two days when the time was consumed with
blood and other special tests. Subiect FF exercised for »2.181, minutes,
and Subject HH for 1 ,913 minutes during Bed -Re's;: II. The reason for
the fact that Subject HH exercised during a lesser time ’chan did the
other two in this régular exercise category ‘was that Subject GG, who
began as a regular participant, decided after one week of the exercise
period that he preferred to exercise "at will". Subject HH thereupon

volunteered to exchange roles with Subject GG.

Of the subjects who exercised when they decided to do so, Sub-—
ject RA exefcised a total of 577 minutes during the days when exercise
was followed. Subject EE exercised a total of 182 and Subject GG a
total of 855 minutes. It should be noted, however, that the time ex-
pended in the exercise routiné by éubject GG was expended to a consi-
derable extent dﬁring the first week of this period, with many of the

remaining days devoid of any exercise activity whatever.
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TABLE I

ey oy

DATLY EXERCISE SCHEDULE IN MINUTES OF

SUBJECTS WHO EXERCISED REGULARLY

THROUGHOUT THE STUDY

PART A. SUBJECT BB (EXERCISED REGULARLY)

, Amount of Exercise in Minutes
Date 9:00 11:00 5:00 200
A M A M. P. M. P. M. Total

August 16 - - 4 - 4

7 » o 12 16 20

18 70 50 93 3 56

19 23 93 73 53 92

50 93 93 23 93 99

21 23 7 93 23 56

PP 53 23 93 23 99

WE 53 23 —93 |93 92
p A A RS S SN L M a7 ,

95 23 93 —93 93 92

96 53 | 23 23 53 99

ki 53 93 53 93 99

98 23 93 53 93 Sp)

29 23 93 9323 99

30 23 93 93 3 99

31 93 93 93 93 99

September 1 - 23 23 . 23 23 92

) 93 93 23 93 92

3 3 53 23 53 99

) 23 23 53 23 92

5 53 53 123 23 92

6 93 93 53 73 92

7 23 93" 93 23 92

8 23 73 35 123 | 92

9 23 93 23 23 99

10 73 73 - - a5




TABLE I, CONTINUED

DATLY EXERCISE SCHEDULE IN MINUTES OF

SUBJECTS WHO EXERCISED REGULARLY

THROUGHCUT THE STUDY

- PART B. SUBJECT FF (EXERCISED REGUIARLY)

Amount of Exercise in Minutes
Date 9:00 ] 11:00 2:00 4:00 o1
| A.M. A.M. P.M. P.M.
Bugust 16 - - 7 T 7
17 12 - 12 16 40
18 20 20 23 | 23 86
19 23 23 23 23 92
20 23 23 23 23 92
21 23 23 23 23 92
22 23 23 23 23 92
23 23 23 23 23 92
24 ! 22 23 22 1 923 a2
25 23 23 23 | 231/2 92 1/2
26 23 23 23 23 92
27 23 23 23 23 92
28 23 23 23 23 92
29 . 23 23 23 - 69
30 23 23 23 23 " 92
31 23 23 23 23 92
September 1 23 23 23 23 92
2 23 23 23 23 92
3 23 23 23 23 92
4 23 23 23 23 92
5 23 | 23 23 23 92
6 23 23 23 23 92
7 23 23 23 23 92 -
8 23 23 23 23 92
9 23 23 23 23 92
10 23 23 - - 46



TABLE I, CONTINUED

DATLY EXERCISE.SCHEDULE IN MINUTES OF

SUBJECTS WHO EXERCISED REGULARLY

THROUGHOUT THE STUDY

" PART C. SUBJECT HH (EXERCISED REGULARLY)

e ‘Amount of Exercise in Minutes
Date 9:00 11:00 2:00 | 4:00 Tomal
A.M. A.M. P.M. P.M.
August 16 - - 4 ~ 4
17 - 12 12 16 40
18 ’ - - 17 23 40
19 - ] - 23 23 46
20 - 23 23 - 46
21 - .- 23 - - 23
22 - - 23 23 46
23 , 2 - | 23 23 46
24 23 .23 29 20 bo104
25 23 23 22 '} 23 92
26 23 | 23 23 23 92
27 23 23 23 23 92
28 23 23 23 23 92
29 23 23 23 23 92
30 23 23 23 23 92
31 23 23 23 23 92
September 1 ' 23 23 23 23 92
2 23 23 23 23 92
3 23 23 23 23 92
4 23 23 .. 23 23 92
5 23 23 23 23 g2
6 23 23 23 23 92
7 23 23 23 23 92
8 23 23 23 23 92
9 23 23 23 23 92
10 23 23 - - 46




DATLY EXERCISE SCHEDULE IN

TABLE IT

e ——

MINUTES OF SUBJECTS WHO

PART a SUBJECT AA (EXERCISED AT WILL)

EXERCISED "AT WILL"

97

Amount of Exercise in Minutes

Date . 9:0 11:00 2:00 Z:00
A. M. A. M. P. M. P. M. Total

August 16 - -~ ! - 4

17 . 12 12 16 )

8 - Z 8 - g

19 . - 53 . 93

50 - - 23 Z 53

21 . Z 53 - 93

99 . . 53 z 93

93 53 Z . - 23

24 . - . 93 53
25 . — (— - — 1

%6 . . 14 - 14

o - - . - z

98 . . - - -

99 - . . - Z

30 _ Z - - =

31 . . . 29 59

September 1 - 23 - 23 46

p) - 93 - - 93

3 - 23 z 53 16

] . 93 z 93 16

5 . 53 . 79 52

6 - 23 . 23 76

7 53 Z . . 93

8 - - - - -

g - 23 53 - 46

0 - 53 . z 93




98

TABLE II, CONTINUED

- DATLY EXERCISE SCHEDULE "IN

MINUTES OF SUBJECTS VEHO

EXERCISED "AT WILL"

. PART B. SUBJECT EE (EXERCISED AT WILL)

Amount of Exercise in Minutes
Date 9:00 11:00 2:00 4:00 Total

A.M. A.M. P.M. P.M, ,

August 16 - - 4 - 4

17 - 12 12 16 40

18 - - - - -

19 ' - 3 ~ - 3

20 - - 23 - 23

21 - - 23 - 23 -

22 - - - - -
23 - - - - - 7
Z4 - . - e ! - b

25 - - -] - -

26 - - - - -

27 - - - - -

28 - - - - -

29 - - - - -

30 23 - - - 23

31 .- - - - -

September 1 - - - - -

— - - - . -

3 23 - - - 23

4 - - - - -

5 - - - - -

6 - - - 20 20

7 - - - - -

8 - - - - -

9 - - - 23 23

10 - - - - -




" DALLY EXERCISE SCHEDULE IN

TABLE II,”CONTINUED -

" MINUTES OF SURJECTS WHO

"EXERCISED "AT WILL"

et e e —— i i

. PART c. SUBJECT GG (EXERCISED AT WILL)

99

: Amount of Exercise in Minutes
Date 9:00 11:00 2:00 4:00
A.M. A.M. P.M. P.M. Total

August 16 - - 4 - 4
' 17 - 12 12 16 40
18 20 20 23 23 86
19 23 23 23 23 92
20 23 23 23 23 92
21 20 23 23 23 89
22 23 23 23 23 92
23 23 | - - - 23
24 - - - - -
25 - - - - -

26 9 - - -
27 - - - - -
28 - - - - -
29 - - 23 23 46
30 - - 23 23 46
31 - 23 - 29 52
September 1 - - - - -
2 - - 23 23 46
3 - - 23 - 23
4 - - 23 23 46
5 - - 23 - 23
6 - - - - -
7 - 23 23 - 46
8 - - - - -
9 - - - - -
10 - - - - -
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CHANGES IN BONE DENSITY OF CENTRAL

0S CAICIS SECTION

Table III gives the data for the central or "conventional®
section of the os calcis whenever roen{igenograms were made of the foot
: of the subjects who exerc1sed regula.rly. The data are given in terms
3 .of Integrator Counts from the Densitometer Assenbly , which could, if
desired, be converted into calibration wedge equivalency or calcium
hydroxyapatite equivalency. Since the cOnversipn would not changé the
per cent change in the bone density v.;\lues with time, however, no ad-

vantage was seen in not using the computer values directly.

Table IV includes the mrresmnding values for the central os

" calcis of the SU.DJECts vl exerciscd Yot willh

Comparisons of Bone Density Values of Central
Os Calcis during Major Periods of the Study

Subjects Who Exercised Regularly. Of the regular exercise

group, the subj;cts exhibited the following comparisons between the
des:c_gnated perlods of the study, with respect to mean bone densities
of the cen’cr:;;l, section of the os calcis, in terms of Iﬁtegrator @mts,
and the. probabiiity of a sié‘nificént diffes_;ence betweérki the means
- Probabiiity of
Significance of

Subject BB Means Difference

Nt & g et epobiemtiy

Compérison of the Pre-Ped Rest . . . 12,262
- . P<0.001
Period with Bed Rest T . . . . . . . 11,286
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Probability of
Significance of
Means __Difference

Comparison of Pre-Bed Rest . . . . . 12,262 -
N'S.*

| With Interim Arbulatory Period . . . 12,041
Comparison of Bed Rest T . .. o . & '11,286 .
« , P<0.001
WithBed Rest IT . . & « & . . e o« 12,231 '
Subject FF
Comparison of Pre-Bed Rest . .-. . . 11,740
P<0.001
WithBed Rest I . . . . . e e e e e 10,579
Comparison of Pre-Bed Rest . . . . . 11,740 A
' P<0.10
With Interim Ambulatory Period . . . 11,407
Comparison of Bed Rest T . . . . . . 10,579 .
' ‘ P<0.001
With Bed Rest ITT +. v« « «. e » "« « « o 711,456 '
Subject Hi
Conparison of Pre-Bed Rest « . . + . 13,395
: P<0.001
Periodwith Bed Rest T . &+ . « « « . 12,218
Comgarison of Pre—Béd Rest . . . . . 13,395
N.S
With Interim Ambulatory Period . . . 13,191
Comparison of Bed Rest T . . . . . . 12,218
. ' . P<0.001
WithBed Rest IT . « & ¢ v « « o« . 12,944

T AWy

*N.S. means "no statistically significant difference".
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Probability of
-Significance of
" Means -~ Difference

ALl Subjects who Fxercised Regularly, with Data Pooled Together

Comparison of Pre-Bed Rest . . . « &« 12,466 -
: P<0.001

WithBed Rest T . » « . v o4 o+ . 11,350
Cbmparlson of Pre—Bed Rest « .« « » 12,466 '
Gt N.So
, Wl‘ch Interim Amoulatory Period . . . 12,256
Comparison of Bed Rest T . . . . . . 11,350
P<0.001

WithBed Rest IT . . . ¢« ¢« & ¢« o « » 12,220

The data given in this section -ShO‘»,V that there was a high sta-
~ tistically significant difference between the Pi:e—-Bed Rest and the Bed
RQCJ‘A 1 p@'l"’l('Y‘lQ.. V\T‘l‘l"h h'\gh@t‘ bone dens wvalnes Gurlhﬁ fhp 1’11"§t Ammtiia-
tory Period than in the first horizontal recunbency period, when the
subjects were not exercising. When the first Awbulatory Period, which
preceded Bed Rest I, was compared with the Interim Ambulatory Period,
which preceded Bed Rest II, there was no statistically significant dif-
ference in the daté of all of the subjects pooled tégether, and in all
but one of the 1ndlv1dual subjects of the regular exercise group. In

- the case of the one exoeptlon ' Subj ect FF, the dlfference was only
slight, with significance shown only at the 10 per cent level of confi-
dence. The results from this comparison of the two periods which pre-
ceded the respective bed rest periods show that there was little dif-
ference in the bone density of the anatomic site under consideration

before the two respective bed rest peridds began.
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The statistical conparison of the central os calcis during Bed
Rest I and Bed Rest II showed that, for those who exercised regularly,
the bone density of this anatomic site was higher during the recumbency
périod vhen exercise was taken (Bed Rest II) than that during the i)eriod

with no exercise (Bed Rest I).

Subjects who Exercised "At Will". Of the subjects who exercised
only when they desired to do so, the following comparisons of the bone

density of the central os calcis were seen for the designated periods of

the study.
Probability of
, - Significance of
Subject GG Means _Difference
At £ T TAA Tans 10442

R L S LU G O
- e AAT
eV UUL

Witll M Rest I . . . L2 - L - 9 - - 9 ’ 8 6 3

Comparison of Pre-Red Rest . . . . . 10,443

N.S.
With Interim Ambulatory Period . . . 10,573
Comparison of Bed Pest I . . . . . . 9,863
. ' N.S.
WithBed Rest TT . . ¢ v ¢ ¢ o o o & 9,892
- Subject Ah
Comparison of Pre-Bed Rest . + « . « 12,297 .
) P<0.001
WithBedRest T . . . . . ... S oo 11,694
Comparison of Pre-Bed Rest .-. . . . 12,297
‘ N.S.

With Interim Ambulatory Period . . . 12,284
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Probability of
Significance of

‘Means - Difference
Comparison of Bed Rest T . . & ¢ &« & 11,694
: P<0.05
i v]it}l M RESt II . - [ ] KJ £ 3 - . £ ] L ] L] 11,843 )
Subject EE
Compa:c:Lson of Pre-Bed Rest . . . . . 10, 766
o P<0.001
Wlth M P\est I . . £ ] [ ] . * [ ] - - . 9 851
Comparison of Pre-Bed Rest . . . . . 10,766
. NQS.
With Interim Ambulatory Period . . . 10,666
Cowparison of Bed Rest T . . . . . . 9, 851’
L : N.S.
vzi-t}-l M‘ kst II - - - * - - . - - - L] 9 902
g}_}\l‘ _S}lbjectg who '] 'F.’Xe‘rc:o;zed "At Wlll"
Corparison of Pre-Bed Rest ., . . . . 11,169
: _ P<0.001
With %d Rest I Q - - . [ 3 - . - - ; . 10’461
i N
Comparison of Pre-Bed Rest . . . . . 11,169
. N.S.
With Interim Ambulatory Period . . . 10,889
Comparison of Bed Rest T . . . . . . 10,461
N.S.

With Bed Rest IT . . . . . ..+ .. 10,579
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Of the subjects who followed the exercise program only when
they chose to do so, sometimes not eveﬁ completing one entire unit of
thé program although they were being supervised for as long as fhey
continued, the bone density of the central os calcis section during the
Pre-Bed Rest Period surpassed that during Bed Rest I (no exercise) by
differences fo;: each individual smajéct vhich were highly significant
(P<0.001 in each case). With the data for\ all subjects pooled to-
gether for the same comparison, the same superiority was found, with

the difference highly significant (P<0.001).

In the case of these subjects, again there was no statistically
significant difference between the centrél os calcis bone density
values of the am‘oulatory'period vhich preceded the first and that vhich
preceded the second Bed Rest pPeriod. When the.two Bed Rest reriods
were compared, the bone density values for the ;‘at will" exercise sub-
jects during Bed Rest II (with exercise) failed to surpass Bed Rest I
(with no exercise) except in the case of Subject AA. In this case the
Bed Rest with Fxercise Period exceeded the Bed Rest Period with no
exercisé by a difference vhich was significant (P<0.05)7. The level of

probability of a significant difference, however, far less than was

found for each subject vwho exercised regularly.

Subject GG, who exercised for a total length of time (855 min-
utes) which surpassed that of Subject AA (577 minutes), showed no sta-
tistically significant difference between the bone density levels of
the central os calcis throughout Bed Rest IT as compared with Bed Rest

I. The reason for this finding undoubtedly emanated from the fact that
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the exercise time accomplished was grouped in the first few daYs of
Bed Rest II, with far less time expended in exercising as Bed Rest II
progressed, and with nine days devoid of any exercise vhatever during

this period.

With the data pooled for all of the subjects who did not exer-
cise reqularly, the Pre-Bed Rest arbulatory period markedly surpassed '
the period of Bed Rest I in 'bone density of. the central os calcis sec—
tion (P< 0.001). The Initial and Intern_m ambulatory periods did not
differ sa_gmflcantly in bone density of the anatomic site under dis-
cussion, nor was there any ‘statistically significant difference between
the xésults with respect to the mean of this bone section densities

during the two bed rest periods.

Table Iil‘_ gives the complete data for the bone density *}aiues
of the central 0s calcz.s sectlon in terms of Integrator Counts and
Calibration wedge equlvalency for the subjects who had no exercise dur-
ing Bed Rest I, but who exercised regularly during Bed Rest II. Table
IV gives the corresponding data for those who did not exercise during
Bed Rest I, but Who exéxcised onljé when they desired to do so duiing

Bed Rest II.
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CHANGES IN BONE DENSITY OF

SECTIONS OF THE FOOT

The first bed rest period, when no exercise program was
‘ followed, was compared for each. subject in the study as to %:he per
cent change in each anatomic site in the foot in comparison with
the corresponding section during the second bed rest, with exercise.

The same was repeated' for the hand.

The former skeletal sites included: (a) the central os
calcis secticn; (b) multiple sections across approximately 60 per

cent of the os calcis; and (c) a central section across the talus.

CHANGES IN BONE DENSTTY OF SECTIONS OF THE

‘HAND, WRIST, AND IO/ ER ARM

The series of sites across the various parts of the hand,
vrist, and distal arm included: (a) hand phalanx 4/2; (b) a diagonal
_section across the capitate; and (c) sections across the distal ends

of the radius and ulna.

CENTRAL SECTION OF OS5 CAICIS

Subjects who FExercised Regularly

Subject BB
Per cent change during Bed Rest I . . . . . . -10.70 -

Per cent change during Bed Rest IT . . . . . - 2.95



Subject FF

Per cent change during Bed Rest

Per éent change during Bed Rest

Subject HH
Per cent chahge during Bed Rest

“Per cent change during Bed Rest

Subjects who Exercised “At Will"

Subject RA
Per cent change during Bad Rest

Per cent change during Bed Rest
Subject EBE
per cent change during Bed Rest

Per cent change during Bed Rest

Subject GG

Per cent change during Bed Rest

Per cent change during Bed Rest

. I:I'[ILTIPLE SECTICNS OF OS CALCIS

e

Subjects who Exercised Regularly
Subject BB
Per cent change during Bed Rest

Per cent change during Bed Rest

1T

I1

It

I.

IT

I . . L ‘. ” -

II

~15.70
- 0.21

-12.30

- 3.20

- 5.70

- 7.80

-10.20

-10.03

- 8.70

~11.98

- 9.35

- 3.10

110



Subject FF
Per cent change during Bed Rest

Per cent change during Bed Rest
Subject HH
Per cent chahge dﬁring Bed Rest

Per cent change during Bed Rest

Subjects who Exercised "At Will®
Subject AA
Per cent change during Bed Rest

Per cent change during Bed Rest

- Subject EE.
Per cent change during Bed Rest

Per cent change during Bed Rest
Subject GG
Per cent change during Bed Rest

Per cent change during Bed Rest

II

1T

1T

1T

T

II

-

CENTRAL SECTION OF TALUS

Subjects who Exercised Regularly

Subject BB

Per cent change during Bed Rest T . . . . . .

Per cent change during Bed Rest IT . . . . .

-12.05
- 0.70

-12.00

- 3.50

- 6.00

1

4.94

- 8.87

-10.00

- 8.75

~12.05

-~ 5.46

- 2.26

111



112

Subject FF '
Per cent change during Bed ﬁest T oo v oo - 8.33
Per cént'change during Bead Rest IT . . « + « - 2.86
Subject HH
Per cenf chahge during Bed Rest T v v v o v . . 8.73
Per cent change during Bed Rest IT . ; .« o —-2.95

Subjects who Exercised "At Will"

Subject AA
Per cent change during Bed Rest T . . . . . . - 7.60
Per cent change during Bed Rest IT . . . . . - 2.98
Subject EE
Per cent change during Bed Rest T ... . . . . ~ 8.68
Per cent change during Bed Rest IT . . . . « -~ 7.52
Subject GG
) ‘Per cent change during Bed Rest I . . . . . .  =9.60
Per cent change during Bed Rest IT . . C .. - 6.98

MULTIPLE SECTIONS OF HAND PHALANX 4-2

subjects who Exercised Regularly

Subject BB
Per cent chanée during Bed Rest T . « o « « & - 8.57

Per cent change during Bed Rest IT e e - 4,03



Subject FF

Per cent change during Bed Rest T .

Per cent change during Bed Rest

Subject M4
Per cent change during Bed Rest

Per cent change during Bed Rest

Subjects who Exercised "At Will"

Subject AA
Per cent change during Bed Rest

Per cent change during Bed Rest

Subject EE
rer cent change during ped Kest

Per cent change during Bed Rest

Subject GG
Per cent change during Bad Rest

Per cent change during Bed Rest

DIAGONAL SECTICN ACROSS CAPITATE

IT

IT

IT

1T

I

IT

Subjects who Exercised Reqularly

Subject BB

Per .cent change during Bed Rest

I.

Per cent change during Bed Rest II . . .

- 6.52

- 3.10

- 7.35

- 3.24

- 6092

- 5.09"

- 5.96

~ 8.72

- 6.01

- 8.81

- 2.03
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Subject FF
Per cent change during Bed Rest T . . . . . .

Per cent change during Bed Rest ITT . « . . .

Subject HH
Per cent change during Bed Rest T . . . . . .

Per cent change during Bed Rest IT . . . . .

Subjects who Exercised "At will"

Subject AA
Per cent change during Bed Rest T . . « « « «

Per cent change during Bed Rest IT . . . . .

Sikvient TR
Per cent change during BedRest T . . . . . .

Per cent change during Bed Rest IT . . . . .

Subject GG
Per cent change during Bad Rest T . . . . . .

Per cent change during Bed Rest I . . . . .

* SECTION ACROSS DISTAL END OF RADIUS

* Subjects who Exercised Regularly

-y g

Subject BB
Per cent change during Bed Rest T . . . . . .

Per cent change during Bed Rest II . . . . .

- 7.77
- 0.40

- 7.01
+ 0.10

- 8.07

- 4,69

]

9.32

- 7.38

- 6.72

|

5.06

- 6.41

- 2.29

14



Subject ¥F

Per cent change during Bed Rest T . . . . . .

Per cent change during Bed Rest

Subject HH
Per cent change during Bed Rest

Per cent change during Bed Rest

" Subjects vho Exercised- "At Will"

Subject AA .
Per cent change during Bed Rest

Per cent change during Bed Rest

Subject EE
Per cent change during Bed Rest

Per cent change during Bed Rest

Subject GG
Per cent change during Bed Rest

Per cent change during Bed Rest

I

I L ]

IT

IT

II

......

" 'SECTTON. ACROSS DISTAL END OF ULNA

‘Subjects who Exercised Regularly

Subject BB

Per cent charige during Bad Rest T . . . . . .

Per cent change during Bed Rest

T

ooooo

- 5.47

~ 2,05

- 6.51

- 3.06

- 8.93

- 5.17

- 7'55

- 5.89

- 4.17

- 7.17

- 1.80
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Subject FF
Per cent change during Bed Rest I . . . . . .

Per cent change during Bed Rest IT . . . . .
Subjecf HH
Per cent change duxing BedRest T . . . « . .

Per cent change during Bed Rest IT . . . . .

Subjects who Exercised "At Will®

ma—

Subject AA
Per cent change during Bed Rest T . « « . . &

Per cent change during Bed Rest IT . . . . .

Subiect EE
Per cent change during Bed Rest I PR

Per cent change during Bed Rest IT . . . . .
Subject GG
Per cent change during Bed Rest T . . . . . .

Per cent change during Bed Rest IT . . . . .

-10.83
- 3.05

- 9.49

- 2.85

- 6.35

- 4.08

© - 8.75

- 9.60

-.7.50

- 6.08

The data given above .concerning the skeletal density changes

-~
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in the evaluated anatomic sites showed in genéral that the losses dur-

ing Bed Rest I were greater than those for Ped Rest II for the subjects

who exercised regularly during the second bed rest, with the same not

found for those who exercised only when they decided to do so.

The

differ_ences between Bed Rest I and Bed Rest II differed in the various

skeletal sites, although the regular exercise group generally

showed
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reductions in the bone density loss in all sites greater than did the ‘ :

"at will" group.

Central Os Calcis Section. There were marked differences be-

tween the changes in bone density values of the central or "convention-
al" section of the os calcis from one bed rest period to the other of
"those who exercised regularly and those who exercised "at will'". Tine
reqular exercise group experienced marked reductions in bone density
loss between the first bed rest with no exercise and the second bed

rest with regqular exercise four times a day.

Those who exercised “at will" during the second bed rest, and
 in common with those who exercised reqularly during this period, not
At AlL onraing Red Reat 1. showed very‘_ntr_i_a change 1n pone aensity ot

the central os calcis section from one bed rest-period to the other,

' 'l'.VIultiple 'Os Calcis Sections. The totél of the multiple os
calcis sections, which covered this bone entirely from the point where
it was overlapped by another bone to its distal perimeter, was similar
to the central os calcis section in the bone density changes from Bed
Rest I to Bed Rest JI. The subjects who exercised regularly @:peri*
en::ed marked reductions in bone density loss in Bed Rest II, whereas
one subject, Subject AA showed a minor loss reduction, with the o’che:; ;

- two subjects losing slightly more in Bed Rest II than in Bed Rest I.

~ Central Section of the Talus. The men vho exercised reqularly

showed marked decreases in bone density losses of the talus between

Bed Rest T and Ped Rest IT in the central section of the talus. The
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irregular exercise group showed some reduction in bone density in this
skeletal site, although this was far less for all three men than for

those who exercised regularly.

Multiple Sections of Hand Phalanx 4/2. For those who exercised

regularly, the loss in bone density of hand phalanx 4/2, covering the
entire hand phalan;i 4/2 wés réducéd during Bed Rest II; a{pproxiwately
to one-half that experienced by the same subjects during Bed Rest I.

For’ the "at will" exercise group, on the other hand, the loss was re~

duced by a much lesser proportion.

The smaller. reduction in the bone density loss from this
skeletal site, even for the men who exercised reqularly, probably re-
sulted from the fact that the second phalanx of the fourth -fihger was
not. involved in the exercise with the Exer-Grip to the extent of pull-

ing ruscles attached to this bone to any great extent.

Diagonal Section across the Capitate. Marked reductions in

b'one density of the diagonal section assessed across the capitate was

found in the subjects vho exercised regularly, with much lesser reduc-
tions in this skeletal location in those who exercised only when they

wi;hed to do so. It is believed that, in squeezing the Exer-Grip, the
wrist tended to be bent at an angle a part of the time duxing the

exercise period, which would activate the muscles attached to wrist

bones.

skeletal Section_ across the Distal End (ﬁ the Radius. Of the

men who exercised four times a day regularly, there were distinct
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lowering of bone density losses in a sectioﬁ acroés the distal’ end <.>f
the ‘radius in all subjects in going frém Ped Rest I to Bed Rest II.
On the other hand, two of the men who exercised "at will" experlenced
minor losses in Bed Rest II in comparison with Bed Rest I, with one
- man exhibiting an excrease in bone density loss during the second bed

rest period.

celetal Section across the Distal End of the Ulna. The regu-

lar exercise group exhibited very marked reductions in bone density
losses in the distal end of the ulna during Bed Rest II in comparison
~with Bed Rest I. Again, two of the men in the exercise "at will"

group showed'only minor reduction in skeletal losses in this bone,

tAArAne mam e Tacds o074 dad=-Trr mmeea Airsedsacs DAl Damd TT dhan 40 DAA
-~ o s - o . N

Rest I in this skeletal site.

It appears very probable that duri'ng both the isometric por-
tion of the exercise program when the arms were deeply involved in
the exercise roufine, and in the hand gripping part of the program,
the wrist and lower arms experienced a distinct péull' on the muscles

attached to the wrist and the arms.
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EXCRETION OF CALCTUM

As has been noted, mamerous chemical tests were made‘on blood
and urine of the subjects of th:is study by other investigators in these
laboratories.; The work which was most closely associated with the in-
vestigation described herein was that of Van Zandt (8L), vhich involved
the analysis of calcium and phosphorgs in ur.i.ne and feces. This work,
which was continued throughout the five periods of the study, supported

the findings of the author.

The following is quoted from the work of this investigator:
"Statistical analyses of the data showed that the quantity of

- calcium e;{creted during Bed Rest I surpassed that during Bed Rest II by
= A Ffarance which wae hichly QA" emificant for those subiects who exer-—
cised iégularly ' while those exercising "at wil'l' excreted less calcium
during Bed Rest IT by a smaller, though slightly significant, amount.
These results demonstrated the finding that, with subjects on a uniform
diet which eliminated diet as a variable, exercise during a highly
supervised horizontal bed rest reduced calcium loss in the urine
markedly when regular programm exercise was followed, and to a cer-

tain extent even if the exercise was not routine.

"A greater proportion of the calcium was excreted in the feces
than in the urine in all subjects, as has been found in other studies

of this series.
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Comparison of Urinary Calcium Excretion during

the Equilibration and Bed Rest I Periods

_ Regular Exe,rcise Group- L

"Subject BB. Y’\?i‘lel;l the amount of urinary calcium excreted by
Subjeet BB during the initial Equilibration Period was compared with
that lost in the urine during Bed Rest I, a greater quantity of cal;-
‘cium appeared during the immobilization period than during the previous
~ambulatory period in this subject, by a difference which was highly

_ significant (P<0.001).

"subject FF. Durmg Bed Rest I, the urinary calcium excretion
by Subject FF was greater than that of the Eouilibration Period, with

A dirrerence which wag (‘11_5’41‘.1?'\(!1‘.!}7 s1aml fi‘CFi'nT_ P ULUZ) .

"Subject HH HH The amount of calcium appearing in the urine of
subject HH during Bed Rest I was greater per unit of time than that
excreted during the initial Arbulatory Period, with a difference which

was highly significant (P<0.001).

"At will® Exerc:lse Grouo

“§_ub__ject RA. Although Smject A eycreted somev\hat more

urinary calcium during the first Bed Rest than during the initial

Equilibration Period, the difference was not statistically significant.

"Subject EE. A comparison-of the calcium excreted in the urine
of Subject FE during the first Ambulatory Period with that of Bed Rest

T shows that the quantity during the Bed Rest was higher than that
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during the Awbulatory Pericd by a differencé vwhich was statistically

significant (P<0.05).

"§ubjé_g§ ‘GG. More urinary calcium was excreted during Bed Rest
I by Subject GG than in the initial Equilibration Period, but the dif-

ference was not significant in this case.

"All Subjects. Vhen the data for the Subjects who exercised

_regulariy during the second Bed Rest were pooled together for the com-
parison of urinary calcium durihg the Equilibration‘ Period and Bed
Rest I, Table VII, Part G shows that the Bed Rest Period surpassed the
Equilibration Ambulatory Period by a highly significant difference

(P<0.001).

“fhen the data on the 'at will' exercise groups likewise were _
podled, the calcium excretion in the urine during the recumbency of
Bed Rest I surpassed that of the initial Ambulatory Period by a dis-

tinctly significant difference (P<<0.01).

Comparison of Bed Rest I with Bed Rest IT

g S eyt iy ey

. for ‘Urinary: Calcium Excretion

Regular Exercise Group

"Susject BB. There was no statistically significant difference
between the quantity of urinary calcium excreted by this subject during
the two Bed Rest Periods, although the quantity during Bed Rest I was

slightly higher than that during Bed Rest II.
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[

"Subject FF. Subject FF, on the other hand, showed a decrease
in calcium loss in the urine during Bed Rest II when compared with Bed

Rest I, the difference being highly significant (P<0.001).

“'Subject HH. The urinary calcium excretion of this subject
showed a slight decrease during Bed Rest IT in comparison with Bed Rest
I, but the difference between the two Bed Rest Periods was not signifi-

cant.

"At Will" Exercise Group

“Subject AA Although this subject, too, showed a decrea ed
"urinary calcium loss durlng Bed Rest IT over Bed Rest I, the difference
‘ Was too small to be statistically significant. This subject exercised

~ "o &N LR ] ~ oy R A L T DU TR eow, WSS T
ALBL N WJI-DJ_Qb\AL\—_L_z w.\u.xx (TR Y \a.x..wn..u. Nde Mmbdls W Ml dete SR DA W B MR e e

"Subject @ A comparison of Bed Rest Periods for Subject EE
indicated that a scmevhat greater loss had occurred in -urinary calcium
excretion during Bed Rest I than in Bed Rest II, with a difference

which was slightly significant.

"Subject GG. This subject excreted a higher amount of urlnary
calcium c"ur1_nor Bed Rest T than during Bed Rest II, with a difference

which was distinctly significant.

"All Subjects. When the total urinary calcium excretion data

for the three pérticipants in the étudy who exercised regularly were
combined together, the 't' test showed that the quantity of this ele-

‘ment excreted during Bed Rest I surpassed that during Bed Rest II by a
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difference which was highly significant (P<0.001). It will-be recalled
that, during Bed Rest II, exercise was taken routinely on a programxed
.‘basis by three'nén‘, ‘an'd at‘ irregular times when called for by the other

"Of the three subjects who exercised ‘at will', the calbium ex-
cretion in the urine duxjing Bed Rest I was shown in a pooled data analy-
sis to have surpassed that excreted during Bed Rest II by a difference
%im was significant (P<<0.0l). This is‘ consistent with the exﬁeilt of

exercising of the respective sub-groups.

Comparison of Total Calcium Excretion (Urinary

‘and jE'ecal) during the Two Bed Rest Periods

. “The Summary which follows gives the data on mean daily calcium
~excretion in the urine and feces during Bed Rest I and Bed Rest II,

respectively, for each participant in the study.

"fable IV shows that a greater proportion of the calcium was
excreted in the feces than in the urine in all subjects. Because the
subjects were on a low residue diet , their fecal excretions were very

"Figure 9 shows, by means of bar grai)hs . & comparison of the
mean levels of total calcium (urinary and fecal) excreted by the six |
subﬁect’s in the study. It should be noted that the only man in which
 the excretion of calcium during Bed Rest II slightly‘ exceeded that

during Bed Rest I was Subject EE. This .subject exercised the least of
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" MEAN OF DATLY URINARY AND FECAL CALCIUM EXCRETION

BY EACH INDIVIDUAL SUBJECT IN THE STUDY DURING

THE TWO RESPECTIVE BED REST PERIODS

3 (Milligi:‘ams per Day)

| BED REST I el BED REST 1T .
Subject | Urinary Fecal “otal Urinary | Fecal | Total |
’ E‘x¢retion Excretion Eb(cretion Excretion | Excretion|Excretion
B 296 814 1110 273 598 871
" r'.e' | 305 825 1130 235 850 | 1085
HH- 269 900 1169 253 768 1021
ee 319 874 1193 282 701 983
A 07 676 1093 383 647 163(;
EE 769 1179 341 919 1260

412
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Figure 9. COMPARATIVE EXCRETTON OF TOTAL CAICTUM (URINARY AND
FECAL) DURING BED REST I AND EFD REST TI
. FOR EACH PARTICIPATING SURJECT

[from Van Zandt (84)1]
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of any of the 'at will' group, with a total mmber of minutes expended
in.this activity totalling about one-third of the time expended by
those who exercised 'regularly. This subject 'was shown to have excreted
"somevhat more urinary calcium during Bed Rest I than during Bed Rest II,
with the difference statistically significant. In view of the small
amount of time which he spent exercising, this was sanewhaﬁ surprising.
vhen his fecal excretion was :Lﬁcluded, however, ‘éhe results from the
two sources of calcium showed very slightly more mineral loss during

the second than the first Bed Rest.

Comparison of Total Calcium Excretion during

Bed Rest I and Bed Rest IT by the Two

Exercise Groups

"The subj-eéts exercising ‘at will' excreted nmore calcium in the
_urine during Bed Rest II than did those exercising regularly. Five of
the six subjects lost less calcium during Bed Rest II, with exercise,
than during Bed Rest I, without exercise. The one subject who excreted

more calcium during the latter period was the one who exercised least.

"Table V shows the total excretion of urinary and fecal calcium
during the two bed rest periods by the regular and the 'at will' exer-

cise groups.

EXCRETION OF PHOSPHORUS

As in the case of the calcium urinary excretion data, the phos~

phorus findings will be given first for the individual subjects, with
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TABLE VI

[from Van Zandt (841

COMPARTISON OF TOTAL CALCTUM EXCRETION DURING BED REST I

AND BED REST II BY THE REGULAR AND TIE "AT WILL"

EXERCISE GROUPS

Means ;
Populations Compared (milli~| Standard e Probability
, : : grams) |Deviation Value

During Bed Rest I

Regular Exercisers 1136 71

, 1.3337 N.S.
YAt Will" Exercisers 1155 | 110

During Bed Rest IX

Reqular Exercisers 939 1174
: 6.0931 "P<0.001
"At Will" Fxercisers 1091 145

8 S * A
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firﬁings as shown by the analysis of pooled data for the two sub-groups

of subjects following thereafter.

Comparison of Urinary Phosphorus Fxcretion during

the Bquilibration and Bed Rest I Periods

Regular Exercise Group

".Subje,ct EB. Vhen ther amount of urinary phosphorus excreted by
Subject BB during the Initial Equilibration Period was conpared with
that lost in the urine durlng Bed Rest. I, an increase was shown during
i:mmbilization, The difference between the two vélues, however, was

barely significant (P<0.10).

"Subiject FF. There was no statistically significant difference
in urinary phosphorus excretion when a comparison was made between the

Initial Equilibfation Period and Bed Rest I for this subject.

"Subject HH. 'Iﬁe urinary phosphorus loss for Subject HH in-
creased during Bed Rest I in comparison with that of the Initial

Equilibration Period, with the difference highly significant (P< 0.001).

'At will' Exercise Group
"Subject AA. No significant difference in urinary phosphorus
loss was evidenced by Subject AA when the Initial Equilibration and

Bed Rest I Periods were compared.

" "subject EE. The amount of phosphorus lost in the urine of

_Subject FE showed no significant change during the Initial Ambulatory

and the first Immobilization Pericds.
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"Subject GG. Likewise there was no change in the quantity of
urinary phosphorus eliminated during the Initial Equilibration Period

and Bed Rest I for this subject.

"All Subjects. When the data for the three subjects who exer-

; cised reqularly were pooled for the purpose oﬁ statistical analysis,
an increase in urlnary phosphofds excretion was shovﬁ :Ln Bed Rest I~
“in conparison with the Initial Equilibration Period. The difference
in phosphorus loss between the two periods was distinctly significant

(P<0.01).

“"Simjlarly, when the data were pooleci for the purpose of find-
ing vhether there was a significant difference between losses of phos—
phorus during Bed Rest I and the previous Equilibration Ambulatory
Period for the 'at will' exercise group, there 'was not a statistically

significant difference between the levels of secretion of this entity
between the two periods, although the value excreted during Bed Rest I

surpassed that of the previous Ambulatory Period to some extent.

Comparison of Bed Rest I with Bed Rest IT

for Urinary Phosphorus Excretion

Reqular Exercise Group

"Subject BB. The quantity of phosphorus excreted in the urine
by Subject BB decreased during Bed Rest II over that of Bed Rest I.
The difference between the two was statistically ’significant (P<0.05).

This man engaged in regular exercise for a total of 2,194 minutes during

the second Bed Rest Period, which was instrumental in causing the
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decrease in excretion of this mineral component. of -bone.

Subject FF. When Bed Rest I was ccmoared to Bed Rest II for
Subject FF, the urinary phosnhorus loss was. shown to have c'lecreased
during the second perlod The difference ; however, had a low level of
. significance (P<0.10). This »subject, -who exercised regularly duririg o
Bed Rest IT for a total of 2,181 mmutes, experienced some dlqestlve

trouble during the study.

"Subject HH. The statistics for this subject indicated that
. Subject HH excreted more urmary phosphorus during Bed Rest I than’
during Bed Rest IT, the difference being highly significant (P<0.001).
Tha amnt af remilar evered ce in which +his anbiect engasced during
Bed Rest II totalled 1,913 minﬁtes, and its effect is clearly seen in

the large decrease in phosphorus excreted during this time.

;'ng_:_ Will" Exercise Group
| "Subject 2A. A comparison of Bed Rést I with Bed Rest II
revealed the finding that Subject AA excréted less phosphorus in the
urine durlng Bed Post 11 Lnan durl:ng Bed R@st I. Thls decrease repre—
. sented a difference of cLsLJ_nct statlstlcal smnlflcance < O 0l).

This subject exercised 'at will' during the second Bed Rest Period for:
a total of 577 minutes, and even this relatively small amount of tn_me
is reflected in a decrease in ur.inax‘y phosphorus excretion. It éhould

be noted that he spaced his exercise periods with some regularity,

which can not be said of the others in the ‘at will' group.
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"Subject FE. The amount of urinary 'phosphorus excreted by -
Subject FE during Bed Rest IT was less than that of Bed Rest I, the
difference between the two amounts being statistically significant'
(P<0.02). The small total of i82 minutes of exercise for this subject

is reflected in a decrease of phosphorus lost through the urine.

"Subject GG. The amount of phosphorus excreted in the urine
By Subject GG decreased during Bed Rest II in comparison with Bed Rest
I. The difference was sufficiently great to be highly significant
(P<0.001). Although this subject discontinued regqular exercise after
seven days, and thereafter engaged in exercise only on an ‘'at will'
basis, the ampunt achieved during this period wa’s 855 minutes. Its
effect is reflected in the large decrease in vhosphorus loss during
this time.

"All Subjects. When the data were pboled so that an overall

conmparison could be made between Bed Rests I and II for the three sub-
jects who exercised regularly, it was found that phosphorus excretion

during Bed Rest I (no exercise) greatly exceeded that of Bed Rest II

(P<0.001).

"The same level of difference also was found between Bed 'Rest

I and Bed Rest II for the ‘at will' exercisers.

Com_iarison of Total Phosphorus Excretion (Urinary

and Fecal) during the Two Bed Rest Periods

"Table VI gives the data on mean daily phosphorus excretion

in the urine and feces-during Bed Rest I and Bed Rest II for each



TABLE VII

[from Van Zandt (8L4)]
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MEAN OF DATLY URINARY AND FECAL PHOSPHORUS‘EXCRETION

BY EACH TNDIVIDUAL SUBJECT IN THE STUDY DURING

- THE T¥O RESPECTIVE BED REST PERIODS

(Milligrams per Day)

Subject BED REST I © BED REST II
. ~ | Urinaxy Fecal Total Urinary Fecal Total
Excretion | Excretion| Excretion | Excretion | Excretion Excxetion :
BB 1028 427 1455 939 333 1272
FE 976 428 1404 895 430 1325
HH 1054 516 1570 919 449 1368
AA 1027 417 1444 888 395 1283
FE 1049 427 1476 906 439 1345
ee 1075 398 1473 863 332 1195




134
participant in the study.

"In contrast with the calcium excretion pattern, the major
‘portion of the phosphorus which is excreted is found in the urine.
The distribution between urine and feces differs for the various

individuals.

Table VIT separates the regular exercise group from those
who exercised when they desired to do so. No statistically signifi-
cant difference was found between the- two groups in total phosphorus

excretion either during Bed Rest I or II.

YAs in the case of calcium, the excretion of phosphorus during
Bed Rest I surpassed that during Bed Rest II for all subjects, whether
they exercised regularly or 'at will'. This is shown graphidally in

Figure 10."
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PABLE VITT

[from Van Zandt (84)]

COMPARTSON OF TOTAL PHOSPHORUS EXCRETTION DURING BED REST I

ANDBEDRESTE?Z_TIEREG[HARAND'I’EE "AT WILL"

EXERCISE GROUPS

Iﬁearls - L
Populations Compared. (ri1li- | Standard Mt Probability
grams) | Peviation | Value

During Bed Rest 1

Reqular Exercisers 1476 186 . ,
' ' VIR N et ' —————
"At Will" Exercisers 1459 240
During Bed Rest II
Reqular Exercisers 1284 164
0.3548 N.S.

"At WAll" Exercisers 1275 156
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DISCUSSION

Truéta, Nuffield Professor Emeritus of Orthopedic Surgery at

the University of Oxford, in his classical treatise on Studies of the

Development and Decay of the Human Frame (85) has stated: "The ability

of the osteoblast [in the bone] to synthesize the required protein for
its matrix depends on the avaiiability of amino acids and other con-
stituents needed for the synthesis. It has long been known that im-
mobilization, bed rest, and lack of muscle activity are all factors
‘contributing to osteoporosis, a. condition of decreased skeletal mass
associated with increased porosity. Why this is so has not yet béen
fully explained, but that the osteoblast-osteocyte syncytium appears

to be adversely affected by lack of activity is unguestionable."

In order to throw light on this problem, Trueta and others

have carried on animal experiments designed to offer some explanation

of the osteoporosis of inactivity.

Geiser and Trueta (51) in a study of Muscle Action, Bone Rare—

gfaction ; and Bone Formation_, which has been cited and discussed briéfly )
in this report, have carried on an extensive study involving rabbits,
from which they concluded that rarefaction of the calcanéum of animals
in five experiments occurred sooﬁ aff;er the bone was relieved of mscu—
lar 4compressing forces. ﬁﬂ1ey found that new bone was generaﬁed when
the calcaneum again was subjected to the stresse:s and strains of muscle

contraction. These authors concluded further that, in the calcaneum of
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" the rabbit, lack of muscular action seems to be the mbst important
factor inducing osteoporosis. They state also that it is possible that

the origin of post-traumatic osteoporosis has the same hasis.

.de Valderrama and Trueta (86) carry the concept of the relatioh
of muscle activity to intra-osseous circulaticn. They review certain
aspects of the investigations of Trueta (85) and of Geiser and Trueta
(51) with respect to osteoporosis being caused by the suppression of
muscle activity, and they state that these investigators have found
that the intra-osseous vessels increas ed in size and number where bone

removal exceeded bone deposition.

The purpose of the investigation of these workers was to study

A e~ A AAnbasI TNl S o 4—0 +~ 'F-INT OF k‘nn;! -ﬂ—'ln-v-r\a-'nk T T Tt mmamey
e saslosde WUALGL LD eail [ O RS (IS OIS IS S § P PR ROR MR R Y

obseﬁvations concerning this study were given by Trueta (87) at the

Conference on Bone Biodynamics at the Ford Hospital, Detroit in 1964.

In this study, adult mongrel dogs were used. -The effect of
mascle contraction on the blood supply of the adjacent bone was inves-
tlgated by detenm_natlons of the mtra—osooous pressure ih the tibia’

of the dog during varying conditions of muscle activity.

They found that muscular contraction seems 'to influence the
blood flow in bone in two ways: (a) by the occlusion of tﬁe Venous
outflmv, which leads to an increase in intramedullary pressure; and
(b) by the rapid exrrptyi.ng.of the int‘ra—osseous venous system following

muscle relaxation, which causes the intra—-osseous pressure to fall.



139

o Harris and Heaney (88), in a review of skeletal renewal and
metabolic bone disease,; state the folldudng: "The skeleton, oontaining
99 per cent of the total body calcium, serves two major functions.

First of all, it plays an important part in calcium homeostasis, both

. responding to and contributing to changes in calcium metabolism.

_Secondly, the stfuctﬂral integrity of the skeleton is essential for-

- normal existence. Fractures, by far the 1fc§s£ mportant abnormality of

the skeletal éystem, ‘occur with increasing frequency in the elderly

because -of decreasing strength of the skeleton. This weakness is due

 largely to a reduction in skeletal mass caused by an imbalance between
4 tﬁe formation and the resorptioh of bone. Throughout life, even after

" cessation of longitudinal growth, cancellcips and cortical bone are

ocrnatant v heing rentlaced hy vesorption O exXisting areas and by pro-

duction of new deposits in microscopic amounts at many sites hetero- -

geneously distributed throughout the skelei:cn. Changes in this balance

between formation and resorption have a critical role in calcium homeo-

* ‘stasis and underlie "évéﬁ:ywai‘se‘ésémw;&h*a' notable -influence on- the adult

skeleton.”

- In the study described in this dissertation, the diet was uni-
form for all subjects, and was planned with special attention given to
the dz.etary components believed to be essential tob the maintenance’ of
skeletal mass, with exercise the only variable. Trueta (1) has dis—
cussed not only calcium, phosphorus, and protein as necessary in bone

formation, but also polysaccharides, which are important in collagen

- production, as well as various vitamins. This author emphasizes
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" particularly vitamin A, ascorbic acid, and vitamin D. These are impor-
tant not only in bone formation during growth, but also in the mainten-

ance of the integrity of the skeleton in adults.

The most ’extensive.x-zorli on vitamin A and bone Vstat.us was done
by Mellanby (89), with Mack and associates having carried on various
studies On’ vitamin A énd ascorbic acid in connection with bone density
status. Vitamin A equivalency in its reiation to bone density was in-
cluded in a study of college women published in 1955 (90) and in unpub-
‘ lished human nutritiior_l studies conducted from 1953 to 1968, which in-

cluded football players and the male adult men in family groups.

Ascorbic acid tests in relation to bone density have been run
in thece lzboratories on evperimental animale (rake and primates),; on
high school studenfs, and on male adult men in bed rest studies. The
data from these studies, undergoing preparation for publication at the
present time; show that em;gha(sis should bhe placed on vitamin A and
ascorbic acid, preferably from food sources, when the skeletal density

is to be maintained or improved.

The importance of dietary calcium in the maintenance of skele-
tal homeostasis has been discussed by Lutwok (90) ; based on work car-
rieé out in the Metabolic Disease Branch, National Institute of Arthri-
tis and Metabolic Disease, National Institutes of Health , Bethesda,
‘Maryland. This investigator has sumarized his report as follows:

‘Osteoporosis has heen examined as a disorder resulting from a

relative nutritional imbalance of calcium, leading to increased bone
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resorption. In some individuals, thls may be due to inadequate dietary
intake relative to losses from the body. - Other patients are in nega-.

} tivé calcium balance despite very high dietary intakes; in these, a
relative defect in calcium abso;:ption is postulated, correctable in
some instances by the administration of modest amounts of vitamin D.
Any. therépeutic regimen producing positive balance of calciurﬁ deqréases
the rate of bone resorpf:ion and hence ' presumabiy, halts the process
of demineralization. | | |

It sﬁould be noted in oonnect.{on with this report that ::he _
exercisé program developed and used in this study has had a trial in
the Apollo missions. From_infonnationl gained during debriefing ses- ‘

- sions and from personal conversations between certain of the astronauts
and the director of this study, it is believed that the‘ eXtent‘ bf use
of the exercisers bil the men during flight was a factor which had a
definite relationship to the extent of loss of bone density in the os
calcis and talus during this period. The fact tﬁét ‘only one astronaut
(Cunningham) lost no bone density in the hand, wrist, and distal ends

- of the radius and ulna during flight is believed to emanate from the
habit of this man of flexing the fingeré frequehtly, usually around a

* tubular object. This practice was not reported by the other two men.

- Apollo VIII men, on the other hand, have stated.to the dixector of this
study that they had very little time to exercise. The comparative}
changes in skeletal status during flight are sﬁown in the following

table.
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' Change in Bone Density in the Designated Anatomic Sites—-

During Flight

Apollo VII Astronauts

Schirra
Central Os Calcis Section . . . . . -5.32
Maltiple Os Calcis Sections . . ~4.10
Central Talus Section . .. ..... v3;60
Hand Phalanx 4~2 Sections . . . . . +=9.30
Capitate Section . . . . . . . ~4.07
Distal Radius Sectban ..... . =3.25
Distal Ulna Section « e« o + o o o o «3.02

'épOllO‘VIII;@stronauts

- Borman
Central Os Calcis Section . . . . . =2.13
. Mulﬁiple Os Calcis Sections . . . . =7.08
Central Talus.Section o« s 4 & = . —2.62
Hand Phalanx 4-~2 Sections . . . . =-2.19
Cépitate Section . 2 e e 4« . . . —9.60
Distal Radius Section . . . . . . -8;76
Distal Ulna Section « « « o v o . . © —6.42

Cunningham

+0.74
+1.19
+1.75
4+2.04
43.31
+3.34

+2.12

- Tovell
-6.95
~6.04
-2.81
-2.41

-12.11
~11.06

-12.41

2nders
~2.93
-6.50
~3.18
+4.81
~6.65

~11.39

-16.17



SUMMARY

In,prepar,ation for the Apollo missions, the Nelde Childers.
Stark Laboratory for Human Nutrition Research, a component of the
Research Institute at the Texas mean's Umver51ty, was requested by
’che Natlonal Aero;eutlcs and Snace Admlnlstratlon, Manned Spacecraft
Center, to conduct an investigation in which six healthy adult men would
participate, with all variables including diet controlled, except the

degree of exercising.

The broad objective of the study was to determine the effects
of programmed exercise during highly disciplined horizontal bed rest,
‘'with two 28-day bed rest periods conducted and with periods of pre—-bed
rest equilibration and post-bed rest recovery included. During the
‘flrst bed rest period no exercise was taken by any subject. 'Following
the intervening equlln_bratlon anbulatory period, three of the subjects
‘engaged in the exercise program routinely four times daily during the
second recumbency éeriod, while the other three subjects participated
in the supervised exercise program only when they desired to do so. The
four-day cycle menus contained optimum levels of 511 nutrients, includ-
ing calcimﬁ which was slightly in excess of one.gram daily for the 113

days of the study.

: Aot mee e

During the periods of bed rest, roentgenograms were made of the
left hand and the left foot of each subject according to standardized

procedures -at the Research Institute's laboratories, approximately once
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daily. The "Mack Method" of bone den;sitoxretry was used to assésé tljle
skeletal status of the subjectis on the basis of evaluations of certain
spécified anatomic sites. The skeletal sites from the foot x-rays of
each subjéct included: (a) the central Sectipn of the os calcis; (b)
-multiple parallel sections across approximately 60 per cent of the os

calcis; and (c) the central section of the tal_ué.

From the roentgenograms of the hand the following series of
sites were analyzed for each subject: (a) hand phalanx 4-2; (b) a
diagonal section across the capitate; '(c) a section across the digital

end of the radius; and (d) a section across the distal end of the ulna.

Identical tracing paths were followed and similar measurements
were made irom x-ray to x-ray of the same individual and for all six

ssubjects of this study.

- During the 28 days of Bed Rest I, all subjects exverienced a
decrease in bone density ranging from 5.70 to 15.70 per cent in the
standard site-—the central section of the os calcis. During the period
of Bed Rest II, which followed an interim equilibration period, i:.he
losses in the three men who exercised regularly with both isometric and
‘isotonic exercises four times a day declined markedly in all anatomic
sites, vhereas for the three subjects who exercised only when they de—
sired to do so, fhe rate of loss continued as in Bed Rest I, actually

exceeding that of the previous recunbency period in some cases.

The loss of bone density during Bed Rest I in the central

section of the os calcis of each subject, for example, increased in
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comparison with the pre-bed rest equilibration period by a difference
which was highly significant. A statistical comparison of Bed Rest I
~and Bed Rest IT with respect to the bone density of the central os
calcis section showed an increase in this bone during the bed rest with
exercise for those who exercised regularly which was highly significant.
An increz_;se which was slightly significant was found only in one subject

of the irregular exercise group.

Eone loss was accompanied by increased urinary clacium excre-
tion which diminished remarkably, although not-entirely to pre-bed rest
levels, for three men who exercised regularly. The os calcis central
section, under conditions of this study, appeared to ke a sensitive

site for the measurement of changes in bone mineral density.

The findings of this study are in line with the work of other
investigators who have found that muscular activity is related to
homeostatis in bone, and further that muscular activity is accompanied

by intra-osseous -.blood flow.

The findings of this study also are related to the two space
missions in which bone aensity losseé, measured by those in this |
labdratory, weré markedly 1§x-zeréd, the nﬁ.ssioris of Gemini VII aﬁd
- 2pollo VII, with the reduction believed to be related to the exercise

which was practiced.

The apparent relationship of exercise to the maintenance of
skeletal integrity during recumbency at one G and during orbital flight
suggests that emphasis should be placed on this finding in future space

missions.
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Montﬁly-Report 19 April, 1969

Under Contract.NAS9-8246

SUBJECT OF STUDY: Effects of Programmed Exercise
on Skeletal Density and Calcium Metabolism
during Horizontal Bed Rest of Healthy Adult

Human Ma]es

SUBJECT OF MONTHLY REPORT: EXCRETION OF CREATINE

AND CREATININE DURING TWO. 28-DAY BED REST
PER1ODS AND RELATED AMBULATORY PHASES OF A
113-DAY STUDY INVOLVING-EXERCISE AT DIFFER-

ENT LEVELS DURING HORIZONTAL BED REST

This study was conducted on six adult human males covering a
span of 113 days, as has been described in previéus monthly reports of
this series. The subjects were observed ering'five different Periods—
Pre-Bed Rest, Bed Rest | (ﬁo exercise), Interim Ambulatory, Bed Rest I
(with exercise), and Post-Bed Rest Recondiiioning. The study was de-
signed mainly to determine the changes in bone density, as well a§
L7

metabolism following oral administration of radiocactive ‘“Calcium, and

the effects of exercise during bed rest on these factors,

FORMATION OF CREATININE

One of the most important end products of amino acid catabolism
is creatinine which arises from creatine phosphate by ring-formation with

the loss of phosphoric acid. The spontaneous decomposition of creatine
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phosphate to form creatinine can be shown by the following equation:

‘o'
: «
H>Nrewe PO~
s
’ o OH )
HN = f 4-inorg. phosphcte
: N-CH, ‘
; . g
. ]

CH g~ C——OHl

Creoting phouphale

_ Creatinine

Comparison of Two Methods of Analysis

for Creatine

Two analytical methods were studied in connection with the analy-
sis of creatine. One was the direct procedure in which creatine reacts
with a chemical agent to produce a chromogen, and the other is the in-

A wnod mencadiien fn which frantine ie datermined after dehvdration to

creaiinine in acid media. The direct method‘for the analysis of creatine
wés developed by Raaflaub and Abelin (Raaflaub, J.,énd l. Abelin, Bio~
chemische Zeetschrift, 321:158-165 (1950); and the indirect method by
Folin (Folin, Otto,‘American Journal Qf'Physiglogy; 13:117-138 (1905)%~

Both of these methods were evaluated in this study,

In order to determine the stability of the procedure for‘the
direct method, the rate of color deve]opmeni was 6bsérved by following
the rate of absorbency on the spectrophotomeier. .Readings were made
" after co]or‘development of 20 minutes, 30 minutés, 50 minutes and 70

minutes, plotted in Figure 1.

" The analysis also was read at varying wave lengths from 450 mu

to 540 mu in an effort to ascertain at which wave length the maximum

‘ : 4

*as modified by Biggs and Cooper, Clinical Chemistry, 7:655 (1961)
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absorbticn is reached.. The results are given in Figure 2 showing that

peak absorption occurs between 520 mp‘and 530 my.

A standard curve was prepared following this procedure, Five
different standard concentrations containing 10, 20, 30, L0, and 50 pg.
of creatine were used to determine the linear relationship. Figure 3

shows that this methoa follows Beer's Law.

The indirect modified Folin method had been used in th{s labora~
tory for a number of years in the analysis both of creatine and creati-
nine, because of the frequency of its use as reported in the literature.

A comparative study of this method and the direct method of Raaflaub and
Abelin in the analysis of creatiﬁe was made using urine containing known
creatine amounts at different levels., With the latter method, 95 per

~ant raravary was faund denoting a hich dearee of accuracy. Much lower
levels of creatine were recovered in the modified Folin method.of'anélysis.
This report therefore is based on the results of the direct meth&d'for'
creatine, with creatinine analysis continuing according to the modified

Folin method.

Creatiﬁine has long been considered a normal constituent of the
urine, being the second most abundant nitrogen containing compound in
human urine. In the past; jt was coﬁmonly bélfeved that urinary creati-
nine was relatively constant, thereby providing a good indication as to
the accuracy of a 2L~hour urine collection. More recent investigations
have. dispelled this concept in favor of the theory that constancy is
variable with the individual, and tHat creatinine excretion will be as

variable as other urinary components. Various isotopic studies have
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confirmed the finding that Zh*hpur uripary creatinine output is insuffi-
-ciently constant between individuals, or in the same individual from

time to time, to justify its use as an accurate index of completeness

of collections, Stress is one factor which may effect muscle contraction,

thus causing increases in urinary creatinine.

Creatine can be detected in the urine of most normal subjects.
Creatinuria is the condition in which creatine is fouﬁd in the urfne
above that which is expected. Because of the variety of methods used for
creatine determination and the variation in excretion among normal sub-
jects, there is no sharp distinction ag‘to the level at which creatinur}a

mormally occurs,

Urinary Excretion of Creatinine

On careful examination of the statistical data relating to changes
in the excretion of urinary cfeatihiné, it is notedfthat all subjects ex~
hibited a significant increase (P<0.001) during Bed Rest | and Bed Rest:
I1, as compared with the Pre-Bed Rest Period. When the data were pooled
for all six subjects,'the amounts excreted were significantly higher

during both bed rests.

No'statistical differenée was observed in any subject between
the creétinine excretions reported for Bed Rest | while the subjects
were not participating in exercise, as opposed to Bed Rest Il in which
the subjects were engaged in supervised exercise, although Bed Rest |

was slightly higher in this respect for all subjects, as shown in Figure

b,
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A1l subjects were found to show a significant difference when
comparing the creatinine excretions of the Pre-Bed\Rest Period with the
lnterim Ambulatory Pe}iod, with the Interim Period higher than the Pre-
Bed Rest Period. No significant difference, however, was observed be-

tween the other‘ambulatory ﬁeriods of the study.

ﬁith respect to the-higﬁer creatinine values querved in both‘
bed rests, ft may be that the element of stress involved in bed rest may
be a factor in the elevated excretions. Previous studies have indicated
stress to be a significant factor in increased amounts of urinary creati-

nine excretion.

Urinary Excretion of Creatine
Creatine excretion is shown to be significantly higher during

th bod roct perinds than during tne Fre ped Rest 161 1ua 16 e Zuljozis

(P<0.001).

In comparing the results of the two bed rest periods, there was
a significant difference in each subject between the bed rest periods in
which the subjects exeréised and the bed rest period durfng which the
subjects did not participate in exercise, with Bed Rest | higher in each

case (P<0.001). See Figure 5.

It also was noticed that, when Bed Rest | with no exercise was
compared with the Post-Bed Rest Ambulatory Period, all subjects showed

a statistically significant decrease (P<0.001) during the latter.

There was no significant difference demonstrated by either grbup

when the Exercise Period was compared with the Interim Ambulatory Period.
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When comparing the creatine values of the Exerciee Period for the’groupv
exercising ad libitum with tbe Post-Bed Rest Period{ no sigdificant |
difference was noted. The values for the groue Qho exercised~regu1arly,
however, showed a highly significant decrea;e in creatiﬁe exeretion dur-
_iﬁg the Post-Bed Rest Period- as compared to the Exercise Peried (P<:0 OOT).
In comparlng the creatine excretlons of the two exercnse groups, it was
shown that the subjects in the group exerc:sung regular]y in Bed Rest ll
had a lower mean urinary creatlne excretlon durlng Bed Rest 1 than did

the ad libitum group. The dafference between the two groups was h;gh!y'
5lgn|ficant (P<o. 001) In comparing the creatrne excret;ons of the two
exercise groups dursng Bed Rest It rn wh:ch both groups were‘partzcspatlng

in exercise to a dlfferent Ieve], no sxgnlflcant dlfference was noted
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Figure 4. MEAN URINARY CREATININE EXCRETION DURING THE TWO

BED REST PERIODS BY ALL SIX SUBJECTS IN THE STUDY
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Figure 5. MEAN URINARY CREATINE EXCRETIONS DURING THE TWO )
BED REST PERIODS BY ALL SIX SUBJECTS IN THE STUDY
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SUBJECT OF STUDY: Effects of Programmed Exercise
on Skeletal Density and Calcium Metabo}i&ﬁ
during Horizontal Bed Rest of Healthy Adult

Human Males

SUBJECT OF MONTHLY REPORT: CIRCADIAN RHYTHMS IN
URINARY CALCTUM, PHOSPHORUS, NITROGEN,

CREATINE, AND CREATININE

CIRCADIAN RHYTHM PHENOMENON

This report emphasizeé the important and almost unexplored area
of fhe Circadian Knytnm pnenomenon. |nefcvufuciuuufy deveiupieni i ul
living organisms, including man, took place under the influence of cés-A
mic forces that have~not changed appreéjable for long periods of time;
As a result, most physiological procésé;s still are geared to these
forces; and they exhibit cycles that have daily, seasonal, and other per-
iodicities. While daily, Junar, seasonal, and other periodiéities are a
universal feature of bioiogical phenomena, their precise mechanisms are
stfll a matter of controversy. It has been stated that the most co@mon

assumption is that each organism possesses a number of ''internal clocks'!

which indicate when a biological activity should begin.

For a long péeriod of time, the constancy of the '"milieu interieur' -
now mostly referred to as homeostasis = has been well established. It has

been beliéved that all vital mechanisms, however varied tﬁey might be,
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have but one goal, to maintain the uniformity of the conditions of life

in the internal environment.

Of all biological‘rhythms, the ones with a daily periodicity have
been most extensively studied. The term diurnal is still used in refer-
ence to daily rhythm; but since it has been shown that animals rarely
exhibit a periodicity of exactly 24 hours, the term circadian (circa dies)
has been adopted as more appropriate, Rhythm is influenced by environ-

mental as well as physiologic factors.

Circadian vatiations of urinary excretions are among the problems
most extensi?ely studied, at present. It is difficult to achieve statis~
ticélly valid variagions in cfréulating blood,’and hence numerous studies
in this area have been made on urine. Urinary rhythm§ are among the
easiest to studv under field conditions, since material can be collected

for analysis after return to civilization.

.The recumbency study of which this is a part was planned in such
a way that circadian rhythms of various urinary components upon which
analyse; were made could be observed on Bed Rest I. During this period,
the six subjects were in complete horizontal bed rest, with a constant
diet and with no other variables which would interfere with the rhyt%m—
fcity.obﬁérvatiohsvexceﬁt duriﬁg tﬁe first of the four wéeks of this bed
rest, when blood tests and other measurements were made which, it was
believed, might interfere with this problem. During Bed Rest I, Soﬁe
observations also were made, although the variable of exercise was intro-
duced{ with three of the subjects ekercising according to a schedule,

and three “'at will',
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Circadian Rhythms of Urinary Calcium and Phosphorus

The pattern of a definite circadian rhythm was evident in the
urihary calcium excretion during Bed Resé I, with the average daily mini-
mum amount for each subject present in the urine sample accumulated at
night, during the beriod ending a 8:00 A.M,. The maximum amount of cal-
cium was observéd,in the 8:00 A.M. to Noon collection. No diurnal per-
io@%éity'was évident for phospﬂorus, however, during this Bea Rest. In
sa&e cases the phbsphqrushamouﬁts during ceriain periods were opposite

those of calcium. See Summaries A and B and Figures 1 and 2.

Figure 3 shows the circadian rhythms for urinary calcium during
Bed Rest | for a representative subject for all days during three weeks
‘when collections were finalized at standard times (8:00 A.M., 12 Noon,

and 8:00 P_M.).
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MEAN VALUES OF URINARY CALCIUM EXCRETION (IN MILLIGRAMS) DURING

THE 28 DAYS OF BED REST I AT THE DESIGNATED PERIODS OF TIME

Subject 8 P.M.-8 AM. | 8 AM.~12 Noon | 12 Noon-8 P.H.
BB 1.6 22.5 13.5
FF 10.3 22.0 12.4
HH 9.8 17.2 1.8
1 GG 10.2 20.8 15.4
AA 15.4 130.0 14.8
EE 9.2 bl 1 18.3

SUMMARY B

MEAN VALUES OF URINARY PHOSPHORUS EXCRETION (IN MILLIGRAMS) DURING

THE 28 DAYS OF BED REST | AT THE DESIGNATED PERIODS OF TIME

Subject 8 p.M.-8 A.M. | 8 A.M.-Noon 12 Noon-8 P.M.
BB L2 1 51.7 h1.3
FF Lo,5 - 29.3 L3.9
HH L7.9 39.0 E L5.7
66 45.0 4.1 6.7
AA Bl 33.8 k7.1
EE 28.3 83.0 54.7
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OF URINARY CALCIUM

" 8PM.to 8 AM.

8AM. to NOON

N. NOON fo 8 PM.

PER.24 HO JRS (MILLIGRAMS)

MEAN VALUE!

GG

Figure 1. THESE BAR GRAPHS SHOW THE TOTAL -MEAN URINARY CALCIUM

EXCRETED DURING A 2L-HOUR PERIOD, DIVIDED INTO THE THREE

PORTIONS ELIMINATED FURING THE SUB-PERIODS DESIGNATEb, FOR

THE S1X SUBJECTS OF THE STUDY (BB, FF, HH, GG, AA, EE)
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[__JBPM+0 8AM
8AM to NOON

) NOON 1o 8 PM

(04
\n

R 24 HOURS (Milligrams)
oY}
[¥)]

E

MEAN VALUES OF URINARY PHOSPHORUS
3

F-igure 2. THESE BAR GRAPHS SHOW THE TOTAL MEAN URINARY PHOSPHORUS
EXCRETED DURING A 24-HOUR PERIOD, DIVIDED INTO THE THREE
PORTIONS ELIMINATED DURING THE SUB-PERI0ODS DESIGNATED, FOR

THE SIX SUBJECTS OF THE STUDY (BB, FF, HH, GG, AA, EE)
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Figure 3. URINARY CALCIUM CIRCADIAN RHYTHMS

DEMONSTRATED DURING BED REST | (COMPLETE

RECUMRENCY) FOR SURIFET FE
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Five of the six subjects lost less calcium during Bed Rest 11,
with exercise, than during Bed Re§t I, without exercise. The one sub-
ject who excreted more calcium during the latter study was the one who
exercised least. The highest excretion of urinéry calcium for all sub-

jects occurred during the period which ended at Noon.

Exercise appeared to alter the circadian rhythm program for cal-
cium to some extent. The samples were not taken at the regular periods
used in Bed Rest | because chemists at NASA Manned Spacecraff Center
wanted aliquots of the urinary excretions for separaté analyses collected ' -

whenever voiding occurred,

For those subjects exercising regularly during Bed Rest II, the

lowest concentration of urinary calcium was present most often in the

O.nn P M 2. Q.nn A M mrm VY mnttmme w1 Ta #ha hiahaect wne natad mact
i : . -

S »

frequently in ihe 8500 A.M, to 12 Noon samples. There then was usually

a gradual decrease, sometimes followed by another peak in the late evening.

The subjects exercising 'at will' excreted more calcium in the
urine during Bed Rest Il than did those exercising regularly, with the
greatest amount observed from 9:00 A.M. to Noon, and the next largest
quantity found from 3:00-P.M. to 6:00 P.M, These time periods of maxi-

mum excretion differed from those of the subjeéts exercising regularly.

The subjects exercising regularly exhibited the H}ghest urinary
phosphorus excretion during the 9:00 P.M. to the 12:00 Midnight period,
and the lowest quantity from 6:01 A.M. to 9:00 A.M.  Those subjects whé
exercised "at will' showed a somewhat different rhythmicity. Peak uri-

nary phosphorus excretion for this group occurred.from 6:01 P.M; to 9:00 P.M,,
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as compared to 9:01 P .M, to 12:00 Midnight in the regularly exercising'
group. The least phosphorus excretion for the ‘'at will'' exercise group
was noted from Noon to 3:00 P.M,, in contrast to the period from 6:01

‘A.M. to 9:00 A.M. in the group exercising regularly.

Circadian Rhythms of Urinary Nitrogen

Urinary nitrogen followed the same general rhythm pattern during
Bed Rest | as calcium, with the excretions from 8:00 A.M. until 12:00
Noon highest in this element, and the night excretions (8:00 P.M. until

8:00 A.M.) lowest. See Figure b,

The nitrogen excretions during Bed Rest |l when exercise was

followed to different levels did not follow a regular pattern,
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Figure b. THESE BAR GRAPHS SHOW TH’E TOTAL MEAN UR!NARY NITROGEN
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ATED, FOR THE SIX SUBJECTS OF THE STUDY (BB, FF, HH, GG, AA,
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CIRCADIAN KHYTHMS OF CREATININE AND CREATINE

Creatinine (No Exercise). The ufinary creatinine excretion of
all subjects during both bed rests was noted to be significantly higher
- (P<0.001) than during the Pre~Bed Rest Period. Tﬁe excretion of crea-
tinine was higher for all subjects during the period from 8:00 A.M. -
.12 Noon than for the otheé collection periods. This increase showed a
statistically significant difference in all cases, with a markedly s{gni-

ficant difference when the data for all subjects were pooled (P<0.001).

The excretion rates during the periods from 12 Noon to 8 P.M,
and from 8 P.M. to.8 A.M. were similar fof all subjects, with all sub~-
jects exhibiting a slightly lower creatinine excretion during the over-
‘night pefiod (8 P.M. to 8 A.M.). Statistically this change was not

SIGNITICANT., DUL 1L MAY DE Ui SUIG 51 1yite prigorwioyg. o, S. 50  TI0T2.

See Figure 5. ¢

Creatine (Né_Exercise). The average‘ufinary creatine excretion
for all subjects was highest during the period from 8 A.M. to 12 Noon.
In five of the subjectsbthis increase was noted to be of statistical
significance when compared to the other two collection periods. Although
Subject HH showed an increase in creatine excretion during the 8 A.M.
to 12 Noon period, it was not found to be statistically different from

-the other two periods.

Most of the subjects exhibited no significant change when the
data for the perfod from 12 Noon to' 8 P.M. was related to the period from
8 P.M. to 8 ALM. ~ Subject EE, however, was noted to have a highly signi-

ficant increase (P<0.001) in creatine excretion between the periods of
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-12 Noon to 8 P.M. as compared to 8 P.M, to 8 A.M.

[t was of note that the creatine excretion was found to be low-
est during the overnight period (8 P.M. to 8 A.M.). This exhibited no
statistically significant difference when compared to the period 12 Noon

to 8 P.M., but it may have some physiological importance.

See Figures 5, 6, and 7.
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MEAN CREATINE
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Figure 6. COMPARISON OF MEAN CREATINE EXCRETIONS DURING
BED REST 11 (NO EXERCISE) AT DESIGNATED PERIODS OF
COLLECTION USING THE ANALYTICAL PROCEDURE OF FOLIN

AS MODIFIED BY BIGGS AND COOPER
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COLLECTION USING THE ANALYTICAL PROCEDURE OF RAAFLAUB.

AND ABELIN




183

Creatinine (With Exercise). During Bed Rest |l the subjects were

divided into two groups=-- one group of three subjects (AA, EE, GG) who
exercised ''at will'' and one group of subjects (BB, FF, HH) who exercised
on a fegularly supervised schedule. During this period the individually
cgllected urine.samples for each Subjéct were pooled and analyzed on a

2L-hour basis for urinary creatine and creatinine.

In analyzing the data for the exercise period, botﬁ groups of-
subjects exhibited a highly significant increase (P<0.001) ‘in urinary
creatinine excretion during.Bed Rest 1l when exercise was practiced as
compared to Pre-Bed Rest | with no exercise. There was also a signifi-
~cant difference demonstrated by both groups of subjects when the creati-
nine exéretions of the-exercisé period (Bed Rest 11) were compared with

the excretions of the Interim Ambulatory Period.

The group wﬁich exercised regularly showed ho significant dif-
ference in creatinine excretions between the two bed rest periods while
,the'group exercising 'at will' demonstrated a slight degree of statis~-
tical difference between these periods, In both groups, however, the
mean creatinine excretion was slightly higher during Bed Rest | when the

subjects were not engaged in an exercise program.

When these two‘groups were compared as‘to their creatinine ex-
cretion‘for.the exercise period itself, a highly significant change
(P<0.001) was observed. Those subjects exercising ad libitum had a
higher mean urinary creatinine excrgtion than those who exercised

régufarly.



184

Creatine (With Exercise). Both groups excreted a higher amount

of urinary creatine during the Exerciée Period than during the Pre-Bed
Rest_?eriod,{wifh the differen;e highly ;ignificant. Both groups also
excreted a higher amount of urinary creatine during Bed Rest | with no
exercise, than during Bed Rest I, with exercise, with the difference

-also highly significant (P<0.001).
See Figures 8 and 9.

In comparing the creatine excretions of the two exercise groups
(those who exercised regularly and those who exercised "at will''. during
Bed Rest 11 in which both groups were participating in exercise to a

-certain level, no significant difference was noted.

See Figure 10 for illustration of a Bed Rest subject exercising

n..11
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.With an txer-genie while compielely recunbent. on thc muscles re-

lated to the feet and legs assists in circulation and aids in maintaining
the integrity of the skeleton providéd the diet has supplied the blood

with the nutrients needed.by bones.
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Figure 8. COMPARISON OF URINARY EXCRETION OF CREATININE
DURING BED REST 1 (NO EXERCISE) AND BED REST 1I, WITH

VARYING DEGREES OF EXERCISE FOR THE DIFFERENT SUBJECTS
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Figure 9. COMPARISON OF URINARY EXCRETION OF CREATINE
DURING BED REST | (NO EXERCISE) AND BED REST I, WITH

VARYING DEGREES OF EXERCISE FOR THE DIFFERENT SUBJECTS
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Figure 10. BED REST SUBJECT EXERCISING WHILE

COMPLETELY RECUMBENT IN HORIZONTAL BED REST *



Monthly Report 19 June, 1969

Under Contract NAS 9-8246

SUBJECT: CIRCADIAN RHYTHM PATTERN OF 17-HYDROXY-

CORTICOSTEROID URINARY EXCRETION IN

HEALTHY ADULT HUMAN MALES

In recent years, many investigations have been conducted in
order to find whether or not tﬂe adrenal cortex has a cyclic urinary
excretion patterri within a 24 hour period. Pincus(40) first pro-
posed a circadian rhythm of the adrenal cortical secretion in his

study on the estimation of urinary 17-Ketosteroids. Apparently one

~ ooe . A - ] L N - .- [P R, D P S, T
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" to have a clear circadian rhythm reflected both in the plasma con-

centration and urinary excretion of 17-hydroxycorticosteroids(29).

Several authors already have generalized concerning the fact
that, under normal conditions, the maximum value of plasma 17~
hydroxycorticosteroid was observed early in the morning, with the
minimum noted during the late evening hours. The circadian rhytl;m
of the urinary excretion of 17-hydroxycorticosteroids has a similar
pattern to that of the plasm 17-hydroxycorticosteroid concentration,

although the peak value usually was.delayed two or three hours (12).

In the present study, the diurnal variation of urinary 17-hy-

188
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droxycorticos'teroids in normal healthy young men was investigated
by measuring the amounts of urinary excretion of 17 —hydr’oxyébrtico-
steroids at different times-of the day during conditions of ambulation "

and bed rest immobilization.

The R.eddy method was used for the determination of urinary
17-hydroxycorticosteroids, which is based on the theory of color
_ formation by the reaction of phenylhydrazine-—sulfuric acid reagent

on the dihydroxyacetone portion of 17 —hydroxycorticosteroids(fizl)(43).
The main objectives of the present study were the following:

1. To study the effects of bed rest immobilization by
healthy adult men on the urinary excretion of 17-

' hydroxycorticosteroids;

2. To study the circadian rhythm response of the adrenal
cortex by measuring the urinary excretion of 17-hy-
droxycorticosteroids at various times during the 24-

hour day ; and

- 3. To investigate whether or not bed rest immobilization
affects the circadian rhythm of urinary 17-hydroxy-
" corticosteroids excretion in comparison with the am-

bulatory period.



PRESENTATION OF FINDINGS

The data of total daiiy urinéry excretion of 17-hydroxycortico-
* steroids for the Initial Equilibration, Bed Rest, and Final Ambulatory
Periods are presented in Table I (Appendix). Table II gives the data
concerning the diurnal pattern of urinary 17-hydroxycorticosteroid
excretion during the Bed Rest and Ambulatory Periods. For thié ‘
purpose, tﬁe urine for each individual was pooled for the previous
period at three diﬁ.?’erent times of the day; 8:00 A. M , 12:00 Noon,
and 8:00 P.M.. Table III ﬁresents the statistical analys is of daily
urinary excretion of 17-hydruxycortic(;s’Leroids during the Egquilibra-
tiofi, the Bed R.est,. and the Final Ambulatory Periods comparing all
periods to one another. Table IV gives the statistical findings com-
pariﬁg the urinary‘ data collected during the three different'peribds

of the day, both during Bed Rest and the following Ambulatory Periods.

COMPARISON OF URINARY 17-HYDROXYCORTICOSTEROIDS

EXCRETION DURING BED REST AND THE

INITIAL EQUILIBRATION PERIOD

As shown in Figure 6, the éverage daily urinary excretion of
17-hydroxycorticosteroids during the Pre-Bed Rest~and the Bed Rest
190
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Periods varied among individual subjects. Somewhat higher excre-
tion values of urinary 17-hydroxycorticosteroids occurred for sub-
jects HH, AA, and EE during bed rest fhan'dui'ing the Equilibration
Period, while the subjects BB, FF, and GG had a slightly lower

excretion of urinary 17 -_hydroxycortibosterc‘;ids during Bed Rest.

Comparing the data on an individual basis, the difference be-
tween the two periods was not statistically significant for any of the
subjects except subject AA for whom the difference was only slightly

significant. (P<0.10).

-When the data for all six subjecté weré pooled, slightly higher
evrretinn values acenrred durine the Bed Rest. Period as compared
to the Pre—Bed,Re‘st Period; but the difference was not sfatistically

‘significant.

COMPARISON OF URINARY EXCRETION OF 17-HYDROXY-

CORTICOSTEROIDS DUEING THE BED REST AND

DURING THE FINAL AMBULATORY PERIOD

The déily amount of 17-hydroxycorticosteroids excreted in
the urine durfng the Bed Rest and the Final Ambulatory Period are
shown in Figure 6.‘~ The difference between these two périods were
not statistically significant for eééh individua} subject anaiyzed sep-

arately except for subject BB, whose excretion value for this steroid
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was significantly higher during the Final Ambulatory Period (P<0.05).
When the data for all subjects were pdbled, there waé no statistically
-significant difference between the excretion of 17-hydroxycortico-

~ steroids between these two periods.

COMPARISON OF URINARY EXCRE TION OF 17-HYDROXY-

" CORTICOSTEROIDS DURING THE EQUILIBRATION

PERIOD WITH THE FINAL AMBULATORY

PERIOD

~":  The data of all six subjects pooled together showed no statis-

tically significant difference in the amount of 17-hydroxycorticoster-

de exereted in the urine during the inmtial anad finai amnuiatory

L

‘periods. On an individual basis, Subject BB was significantly higher
during the Final Ambulatory Period than ddring the Initial Equilibra-
tion Period (P<0.05). This was the only subject in the study who

showed this difference.

OVERALL COMPARISONS OF URINARY 17-HYDROXYCOR-

" TICOSTEROID EXCRETION PER DAY DURING THE PERI-

ODS OF INITIAL EQUILIBRATION, BED REST, AND

" FINAL, AMBULATION

As reported in the study of Vallbona, et. al. already cited (53),

a slightly increased excretion of urinary 17-hydroxycorticosteroids
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for the average value of six subjects were found during the Bed
Rest as compared with the Pre-Bed Rest Periods, even though
there were variable iﬁdividual differences. In the eurrent study,

“again elightly increased values were recorded during the Final
Ambulatory Period as compared both with the Bed Rest, 'and the
Pre Bed Rest Pemods All of these diifer ences, however, were
not stat1stlca11y mgmhcant (Fxgure 6) Accordmg to these results,
it may be stated that, in human beings, the change in urinary ex-

- cretion of 1‘7—hydroxyeorticosteroids"by immobiliza.tion does not

occur in a relatively short time, unlike the animal cases reported

by Burstein et. al. (6), which showed a two- to three-fold increase

2. —adismdnwnid avanatinn ﬂn’r-n'\n‘ immnhilization.

BUE WA VAl v = e e

COMPARISON OF EXCRE TION OF 17 HYDROXYCOR-

TICOSTEROIDS AT SUB- PERIOD OF THE 24-

HOUR DAY

BED REST COMPARISONS

In order to ascertain whether or not there was any degree of
rhythmicity in the urinary excretion of 17-hydfbxycorticbsteroids.
in certain segments of the 24-hour day, all voids between three
daily periods were combined for aﬁalytieal purposes. These were

"the periods from 8:00 A. M. until 12:00 noon, from 12:00 noon to
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8:00 P. M., and from 8:00 P. M. to 8:00 A. M. Comparisons were
made within the Bed Rest and the Final Ambulatory Periods. Sece

Table IV.

For the data from all subjects pooled together for the Bed
ﬁest, Period, the sub-period from 8:00 A.M. until 12:00 r;oon had
th'e highest level of excreinn of this steroid (see Table 1V), with
the period from 12:00 noon to 8:00 P. M. ranking lowest, 'a'nd‘that
from 8:00 A. M. to 8:00 P. M. intermediate. 'This is shown also

in Figure 7.

"7 .The morning periogi (8:00 A.M. to 12:00 noon) surpasséd CzE
eiznreted durine the nicht and again that excreted from 12:00 no-=
until 8:00 P. M. by highly significant differences (P<0. 001 in boz
cases). Again the 12:00 noon until 8:00 P. M; excretion excégdai

the night excretion by a highly significant difference (P<0.001).

o i

‘4 The individual subjects varied greatly as to the (:orzcu')alrxlerw -t
the excretion of the steroid under consideration during the thrzz
sub—per‘i‘ovd‘s‘ of the 24—hoﬁr déy. f‘or four »sxivbjﬁect}éﬁthere was i }
statistically significant difference between the 12:00 noon until
8:00 P. M. excretion as compared with that from 8:00 P. M. to
8:00 A. M., although tile afternoon sub-period ‘surpassed the nig—

sub-period to some extent in all of these four subjects. One sizz-
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~ 'was superior in thé afternoon sub-period by a highly significant
-difference (P<0.001), while for the otﬁer subject, the afternoon
sub=-period exceeded the night sub-period by a slightly significant

difference.

In the comparison-of the morning excretion with that of the
afternoon, four subjects were significantly superior during the
former by different levels of probability, whereas the remaiﬂing
two were superior in the same direction, although the differences

in the two cases were not statistically significant.

When the morning excretions of urinary 17-hydroxycorti-
costeroids were comparéd with the 12-hour night excretion, the .
forme_r surpassed the latter in five of the six subjects of the study.
In the sixth subject, the morning excrétidn of thfs steroid surpassed
the night excretion, althoﬁgh the difference was not statistically

significant.

FINAL AMBULATORY PERIOD COMPARISONS

For the data of all subjects pooled together, the sub-periods
within the Final Ambulatory Period showed marked differences in |
some but not in all comparisons. The urinary excretion of 17-hy-

droxycorticosteroids during the morning sub-period from 8:00 A. M.
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until 12:00 noon surpassed both the 12:00 noon until 8:00 P. M.
ﬁeriod and the night sub-period (P<0,001 in bsth comparisons).
There was no significant difference, however, between the 12:00
noon until 8:00 P. M. and the 12-hour night perisd, although the

former was somewhat higher than the latter.

With respect to individual subjects, all six followed the
- overall pattern of all data pooled in that there was no statistic-
ally significant dAifference between the excretion of the steroid

under consideration during the afternoon and the night sub-periods.

- With respect to the comparison of the morning and the after-
noon anh-nerinds durine the Final Ambvulatorv Period. five sub-
jects had statistica-lly significant differences be.tween the two
pOrtions of the 24-hour day in-behalf. of the morhing period, with

‘the sixth subject showing no significant difference in this respect.

In the comparison between the msrning and the night sub-
periods, again ﬁ_v_e subjects showed a sfgnificantly higher excre-
_ tion of 17'-hydro.xycort}ic‘c‘>s'tsroiﬁds during fhe morning phéSe of
the study with one subject not exhibiting a statis_tically s‘i_gnificsnt

difference between the two sub-periods.



OVERALL COMPARISONS OF URINARY 17-HYDROXYCOR-
TICOSTEROIDS EXCRETION DURING THE BED .

REST AND FINAL AMBULATION PERIODS

The results obtained in the present study conform with those
fo_und. in many previous studies in which a marked circadian rhythm
of thel 17 -hydroxycorticostéroids wa‘s‘.‘d}emons'i:r‘ated. As notec‘i’
above, the highest excretion of 17—hydroxycorticoste‘roids in the -
urine occurred in the morhing hours (8:00 A. M. to 12:00 noon),
with a far greater excretion duri'ng this period than during the other

two sub-periods of the day.

Relatively low values were observed in the atternoon periods
(12:00 noon to 8:00 P, M.), with the lowest generally recorded during
the overnight period. The difference between the latter two periods

was not statistically significant for the pooled data of all subjects.

Similar diurr.xall patterns of urinary 17-hydroxycorticosteroid
excretion were obtained during the ambulatory periods. This also

is identical with the report of Katz (24).

Thus, according to these findings, it may be stated that the |
biological cycle of adrenal cortex which is reflected on the urinary
excretion of 17-hydroxycorticosteroids is relatively unchangeable By
the mild stress condition of immobilization.

197
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SUMMARY AND CONCLUSION

The present study was designed to ‘inves'tigate the effects of
bed rest immobilization on the total amount of urinary 17 .—hydrox.y-
cor'ticosteroids excreted and the circadian rhythm pattern of this
stermd durmg the 24 hour day The expemmental periods of the -
study cons1sted of three phases 29 days of 1n1t1a1 equlhbratlon
during which the subject was ambulatory and led a normal life; 28
days of horizontal bed resf, which prohibited physical movement
which involved pull on the muscles; and 14 days of ambulation wh.ich

included compulsory physical activity.

Altwugn there were Some variations among thc individuals cof
<)

the study, the data of all subjects pooled togetl;er showed that there
- were no statistically significant differeneeé between the total 24-
hour excretion of 17-hydroxycofticosteroids during the Equilildra—
" tion Period and the Bed Rest Period, between the Bed Rest Period
and the Final Ambulatory Period, or between the two ambulatory ’
periods.

A marked characteristic circadian cycle was observed during
bed rest. It was found to have its highest excretion value during
the morning hours (8:00 A. M. to 12:00 noon), a. low excretion

- value during the afternoon period (12:00 noon to 8:00 P, M. ), and
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. the lowest values dur'ing the overnight period (8:00 P. M. to 8:00
“A.M.). The differences of average "vélues between those experi-
mental periods were as follows: a highly significaqt differen_pe
appeared between the iﬁorning and afternoon periods, as well as’ |
a highl_yr significant difference between the period of morning.and
‘overnight, and ag:ain a higmy significént difference between the

. afternoon period and the overnight period.

.During thé final ambulatory pexgiod, the overall phase of
--diurnal rhythm of urinary 17-hydroxycorticosteroids was fo_u‘nd‘ )
to be similar to that during ’;he bed rest, although a‘soh"lewhat
diffu‘erent feature was noted between the periods of afternoon and
o‘vérnighjt.' No statisticaily sigﬁiiicance was found in the latier
coniparison as COm.pared with thé highly significant difference be-
- tween these two periods during bed rest. The data arranged by
" statistical analysié during. this ambulatory period were obtained
as follows: highly significant difference (P<0.001) in urinary
17-hydroxycorticosteréid_s excretion between the periods of morn-
~ing and afternoo‘n, éléoA higilly s'ignificant ciifference (P<LO. 0701)
befweén afternoon period and overnight periods, and no statistic-
ally significant difference between the periods of afternoon and

overnight.
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URINARY |7 HYDROXYCORTICOSTE RO!DS

‘DURING BED REST 1
(Mean Milligr ams Per Hour)
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